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Foreword

Thermal insulation systems are extending the range of tem-

peratures attainable and maintainable in industrial operations.
The exploration of space has necessitated acceleration of devel-
opment of materials and combinations of materials to shield men
and machinery in both extremely cold and extremely hot envi-
ronments.

The information and data acquired by National Aeronautics

and Space Administration researchers and contractors also can
be used in a multitude of other ways. This is a guidebook to
this new resource, prepared by Dr. Peter E. Glaser and his col-

leagues at Arthur D. Little, Inc., for the space agency's Office
of Technology Utilization. It is one of a series of such publica-
tions intended to help persons who are not engaged in aerospace
work benefit from the advances in technology resulting from
such work.

There have been many advances in thermal insulation in which
NASA has had no part; this book focuses attention on those
related to the space agency's programs.

GEORGEJ. HOWlCK, Director,

Technology Utilization Division
National Aeronautics and Space Administration
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Chapter 1

Introduction

The purpose of this survey is to summarize, and thus make

more accessible to industry, data on the performance of thermal

insulations and systems combining such insulations, particularly

for cryogenic applications, and to indicate opportunities for im-

provements.
Better thermal insulations have been developed to meet the

growing demands of industry. Without the availability of suit-

able thermal insulations, development of most processes where

conservation of heat energy governs the overall efficiency would

have been significantly retarded. For example, the expansion of

the food preservation and distribution industries, which once
relied on river or pond ice insulated with wood and sawdust,

would not have been possible without refrigerating machinery
and storage facilities insulated with such new materials as fiber

glass or foam. Because thermal insulations are so important in

industrial practice, new developments in insulation materials are

frequently followed by the introduction of new processes, which,

in turn, result in a general advance in technology.
One of the most striking examples of the direct effect of the

availability of new insulations on technology is the growth of

the cryogenic industry in the last 10 years. This industry's ex-
tensive employment of refrigeration, liquefaction, transportation,

and storage of gases at very low temperatures is directly trace-

able to the development of highly effective thermal insulations.

Cryogenic fluids that once were laboratory curiosities, such as
liquid methane, oxygen, nitrogen, hydrogen, and helium, have

become commonplace not only in the laboratory but also in large-

scale industrial operations.

The striking advances in the effectiveness of thermal insula-
tions can be directly attributed to the concentrated development

efforts in support of the national space exploration program. The
starting point for these advances was the double-wall, vacuum-
insulated glass Dewar flask. The Dewar flask was widely used to
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THERMAL INSULATION SYSTEMS

store cryogenic fluids until the demand for cryogenic fluids, par-
ticularly liquid oxygen and liquid hydrogen, as fuels for space
vehicles, became significant. Insulation developments resulting
from space programs have provided a firm base on which indus-

try can build in meeting the needs to protect cryogenic fluids,
refrigerated components, and similar devices from the heat trans-
ferred by the surrounding environment.

The advances in thermal insulations, though primarily for
applications at cryogenic temperatures, have also influenced the

development of thermal insulations for use at higher tempera-
tures. Different materials must be selected to withstand higher
temperatures, but similar principles of heat transfer apply. The

thermal insulations available today fall into two major catego-
ries: insulations which are gas filled, and insulations in which
the gas has been evacuated to achieve a required low pressure.
Figure 1 shows the effectiveness of different classes of insulating
materials (foam, powder, fiber, and multilayer insulations)
which span a range of more than 3 orders of magnitude of ther-
mal conductivity.

Although multilayer insulations are the most striking of the
important new developments, space-oriented programs have also
resulted in improvements in the effectiveness of foam, evacuated
powder, and fibrous insulations. Experience has been gained in
their applications. Several of these new insulations are being

Multilayer
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INTRODUCTION 3

used now in industry and are shortening the normal time asso-
ciated with new product development.

Information on thermal insulations developed in the course of
space research programs has been made available to scientists and
engineers in the aerospace industry through contractor reports
and technical articles in professional journals. This information
has not yet been fully exploited, primarily because relevant parts
of it have been difficult to extract. Much of it is fragmented in
the various reports that describe the development of space ve-
hicles, their components, and the research that supports such
developments. Hence, there has been insufficient awareness that
valuable information, which can be applied in commercial prod-

uct areas, has been generated.
In the following chapters we discuss possible uses of thermal

insulation systems in industry; the principles of thermal protec-
tion systems; insulation components for such systems; and their
integration, installation, and performance in typical applications.
In this discussion we assume that the reader has a basic knowl-

edge of the principles of heat transfer.
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CHAPTER 2

Applications of Thermal Insulations

GENERAL APPLICATIONS

The development of thermal insulations and their dramatic

impact on advances in technology can be seen most readily in

the aerospace industry, where applications include the whole

range of thermal insulations for space-vehicle cryogenic fuel
stages, engine components, instruments, space suits, and elec-

tronic devices. However, much industrial cryogenic work remote

from the space effort also requires very effective thermal insula-

tion systems. For example:

Liquefaction of Natural Gas

The availability of liquefied natural gas has dramatically al-

tered the industrial potential of countries deficient in fossil fuels
and has increased the utilization of the world's natural gas re-

serves. Only a few years ago, natural gas was burned as a waste

product of oil wells, gasfields, and refineries. It is now liquefied

and transported to distant points for use as fuel--liquefied-
methane tankers, for example, supply England with fuel from

North Africa. Oceangoing tankers have used thermal insulations

such as PVC-type foam, glass wool, balsa wood, and perlite.

The discovery of natural gas in the North Sea promises to

have an important effect on the neighboring countries. Because
of the relatively short distances involved, carrying liquefied nat-

ural gas to major distribution points via pipelines is now being

considered. To reduce boiloff losses such pipelines could be insu-

lated with evacuated powder or multilayer insulations.

During World War II gasoline shortages, methane was used
as a fuel for London buses. Increased availability of liquefied

natural gas may make such uses of methane more competitive.
Methane has also been considered as a fuel for commercial super-
sonic aircraft. Its use would enhance combustion efficiency, and

its availability in many areas of the world would ease logistics
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THERMAJ_ INSULATION SYSTEMS

problems. Analysis has shown that a payload improvement up to
31 percent and an operating cost reduction of up to 36 percent
might be realized with methane. A thermal protection system
would have to be devised to allow liquefied methane to be car-
ried in the wing of the aircraft. Among the systems considered
for this purpose are evacuated powder, fiber glass, and multi-
layer insulations (ref. 1).

Thermal insulation is being applied to the inside of large-
capacity concrete tanks designed to store liquefied natural gas
for peak load sharing in city gas supply systems during winter.
Placing the thermal insulation on the inner surfaces of a tank

provides the advantage of rapid, low-loss-rate cooldown, smaller
thermal expansion or contraction of the wall, and greater pro-
tection from mechanical damage to the insulation during opera-
tion. A flexible laminate of aluminum, Dacron, and Mylar forms
the protective cover for the insulation. This thermal insulation
system can be compared with the approach used for the internal
insulation of the Saturn rocket's S-IV stage for liquid hydrogen.
It appears likely that techniques established for the space booster
can aid in applications of insulations to large terrestrial storage
tanks.

Generation and Transmission of Electricity

The consumption of cryogenic liquids by the electrical indus-
try is expected to increase as developments of superconductors
for electric motors, generators, transformers, and magnets reach

the practical stage. The use of superconducting materials, re-
quiring temperatures from 7 ° to 36 ° R (4 ° to 20 ° K) to be main-
tained around conductors, will reduce the electrical power losses
in cables and the various devices. These low temperatures may
be achieved by the circulation of cyrogenic fluids, such as helium
or hydrogen, which, in turn, will require highly effective insu-
lations to keep external heat inputs minimal.

As power demands in large cities increase, cooling of under-
ground electrical cables will become increasingly important. Con-
ventional cables buried in the soil beneath city streets require
that the subsoil absorb the heat generated within the cable and
conduct it away at a rate sufficient to prevent overheating of

the cables. With increased power requirements, this natural heat
transfer is inadequate. Therefore cooling of electrical cables with
fluids such as oil, Freon, nitrogen, hydrogen, or helium is being
considered. Such coolants will require the installation of under-
ground insulated fluid lines to maintain the desired temperatures
in the cables.

r ........ 7: -

w- r _ - 'U"-- r v--

r- v_ _r

•e- ,r-



APPLICATIONS OF THERMAL INSULATIONS

Electronic Equipment

The maintenance of low temperatures to diminish noise in
electronic devices such as communication antennas has consid-

erable practical importance. To minimize the refrigeration re-
quired to keep such devices at the desired low operating tem-
peratures, effective thermal insulations, usually of the multilayer
type, have been used. In most instances the insulations are in-
corporated in the overall design of the device and the associated
cooling system; one example is the cryodyne refrigerator.

Effective insulations are also important in electrical devices
that must operate over a range of temperatures and still main-
tain a closely controlled operating temperature; for example,

crystal ovens which have to maintain a preset temperature even
when exposed to arctic environment. Multilayer insulations ap-

plied to such ovens have reduced power requirements by a factor
of 20 and at the same time have reduced the size of the devices.

A similar application for multilayer insulation was in a balloon-
borne fuel cell which had to operate for extended periods of time.

Thermal insulations have extended the unattended operating

periods of remotely located instruments that rely on battery
power to control and maintain the desired operating tempera-
ture. Examples include batteries designed for arctic use, gravim-

eters for geophysica,1 explorations, oceanographic instruments
placed at great depths, and balloon-borne meteorological instru-
ments.

Manufacturing Processes

In manufacturing plants, the steadily increasing use of cryo-
genic fluids has brought about the need for insulation of large
storage tanks and pipelines. Oxygen is used in a newly developed
steelmaking process. Uses of liquid nitrogen include the stiffen-

ing of organic materials (e.g., rubber) to permit precise machin-

ing and the cryogenic forming of metals to achieve high strength.
In the future, liquid nitrogen also may be used to prepare scrap

metal for pulverization by cooling it to the low temperatures at
which it becomes brittle.

The use of liquid helium in manufacturing processes has in-

creased since large centralized helium liquefaction plants have

been built. Today, liquid helium rather than compressed gas is

being used for many applications, for example, in the electronics

industry. Shipment of helium has been made possible by the

application of multilayer insulation to liquid helium storage con-

tainers. Shipment of liquefied helium is, of course, more efficient

v-'-- v-
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8 THERMAL INSULATION SYSTEMS

than shipment of compressed gas, which requires heavy cylin-
ders limiting the amounts of helium that can be transported.

Similarly, the use of different liquefied gases has been made

possible by the availability of storage tanks with more effective
thermal insulations. Such storage tanks permit the widespread

distribution of gases for industrial purposes such as welding

and cutting.

Medicine

The use of cryogenic fluids in the medical sciences is increas-

ing and thermal insulations will be needed increasingly for pres-

ervation of blood, organs, and tissues. In the future, surgical pro-

cedures may be bloodless when tissues in the vicinity of the

operating area can be frozen with liquid nitrogen. Liquid nitrogen

probes are already being used in specialized surgical procedures,

such as brain operations.

Other Applications

Multilayer insulations have been used in the fabrication of a

rescue blanket that can reflect up to 90 percent of the body heat.

Such a blanket is nearly weightless; it can be packed in a vol-

ume equivalent to that of a cigarette package; and it is flexible,

windproof, waterproof, washable, and capable of holding the

weight of a 200-pound man. This type of blanket has a wide

variety of uses where protection from a cold environment is
desired.

Flexible multilayer insulations which may either be erected

by gas pressure or draped around an existing structure are be-

ing investigatec_ for possible uses as lightweight disposable ther-

mal insulations for frozen food, air shipment of produce, and

protection of other perishable goods.

Fuel cells and electrical batteries being developed to power

electrical cars of the future can be operated effectively only at

elevated temperatures. To reduce fuel or power consumption,

highly effective thermal insulations will be required.

TYPICAL SPECIFIC COMMERCIAL APPLICATIONS

Crystal Oven

A crystal oven with a volume less than 3 in. 3 has been de-

signed to maintain a quartz crystal at 167 ° F (75 ° C) while

exposed to an environment with a minimum ambient temperature

of -58 ° F (-50 ° C) (ref. 2). A 50-milliwatt electric heater

v-

v _- r

lr.,- - _- y

,r_-

c



APPLICATIONS OF THERMAL INSULATIONS 9

maintains the desired temperature in a cavity 3/_ inch in diameter

by 1 inch long.
The performance of various multilayer insulations under these

conditions can be estimated from the data presented in chapter

4, page 39. For example, an insulation consisting of alternating
layers of 0.02-inch-thick aluminum radiation shields and 0.04-
inch-thick fiber glass paper reduces the heat flux through a
]/¢-inch-thick layer to 0.22 Btu/hr-fff (70 mW/cm'), measured
between 68 ° and 320 ° F (20 ° and - 196 ° C).

Since the warm-boundary layer in the oven is 167 ° F (75 ° C)

rather than 68 = F (20 ° C), the heat flux will increase in propor-
tion to the ratio of the fourth power of the warm-boundary tem-
peratures:

(75+273)" 2
(20 ÷ 273)'

If a load-supporting insulation (ch. 5, p. 89) is selected, the
decrease in the insulation performance due to any particular load

can be predicted by using the relation of the proportionality of
the heat flux to the two-thirds power of the compressive load.
The actual heat flux is then equal to the heat flux through the
insulation at no external load (load is applied only by the weight
of insulation) multiplied by the two-thirds power of the ratio:
load per unit area applied to the insulation divided by one-half
the weight per unit area of the insulation. Thus, for this exam-

ple, a fifteenfold increase in heat flux is obtained. The twofold
increase in the heat flux due to the increase of the warm-bound-

ary temperature makes the total expected increase in the heat
flux 30 times greater than the heat flux through the same insu-
lation (measured with no compressive load and between 68 ° and
-320 ° F (20 ° and -196 ° C)).

The heat loss is expected to be 0.14 Btu/hr (40 roW) through

a IA-inch-thick evacuated multilayer insulation.
Table 1 shows test results of the ovens using various insula-

tions. All ovens were 3 in. 3 in volume, with ]A-inch-thick insula-
tion space. The performance of all ovens was close to theoretical
predictions. A typical oven is shown in figure 2. Figure 3 shows
the construction of the multilayer insulation.

Liquid-Hydrogen Transporter

The increasing use of liquefied gases has necessitated trans-
porting them in considerable quantities. A liquid-hydrogen trans-
porter capable of carrying 12 000 gallons (45 m s) has been de-
veloped (fig. 4). The tank was designed to take advantage of the

\.
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TABLE 1.--Test Results of Experimental C_gstal Ovens

Physical data

Oven volume ........................

Cavitysize..........................
Insulationthickness..................

Ambient temperature................
Oven temperature....................
Vacuum intheinsulationspace.......

3 in. _ (49 cms)
0.5 in2 (8 cms)
1A in.
--58 ° - 9"F (--50 ° _+ 5 ° C)
+167 ° --4-9°F (+75 ° ___5°C)
Below 1 × 10-4torr

Performance data

Type ofinsulation Requiredpower',W

Vacuum ............................................ 0.24

Mixture of silicaand carbonpowders ................... 12
25 layersof 0.004-in.-thickfiber-glasspaper ............. 12
16 layersof 0.002-in.-thicktempered aluminum ..........
15 layersof 0.004-in.-thickfiber-glasspaper ............I .040

maximum dimensions allowed by the Interstate Commerce Com-

mission (40 ft long by 8 ft wide by 12.5 ft high).
Maximum volume within these dimensions is achieved for the

liquid-hydrogen contents by the use of multilayer insulation. This

insulation minimizes the space between the cold wall and the

outer wall of the tank while maintaining a specified heat loss

(0.33 percent) (ref. 3).

The heat flux for the uncompressed insulation system was pre-

dicted from tests made with a flat-plate calorimeter to be 0.14

Btu/hr-ft 2 (44 mW/cm') (ref. 4). Tests of the liquid-hydro-
gen filled transporter showed the total heat loss to be 192 Btu/hr

FZaURE 2.--Typical crystal oven.

a. . .
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APPLICATIONS OF THERMAL INSULATIONS 11

FIGURE 3._Crystal oven with multilayer insulation.

(56 W), including losses through piping and support systems.
The support system and piping may contribute as much as 45
Btu/hr (13 W) to the total heat loss. Thus, the actual heat
flux through 1000 ft' area of insulation is estimated to be 0.147

Btu/hr-ft' (46 mW/cm').

Transportable Cryogenic Liquid Storage Vessel
Many Dewar vessels--an inner and outer shell with the space

between evacuated and sealed--are in use today. Most of these

vessels, however, are not particularly rugged in construction;
they cannot be readily handled or transported by airplane. An
improved Dewar-type cryogenic liquid container has been built
that can withstand 10-g accelerations (or a considerable amount

A ....

FIGURE 4.--Liquid-hydrogen transporter (12 000-gallon

capacity).
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12 THERMAL INSULATION SYSTEMS

FIGURE 5.--Cryogenic liquid
container.

of handling) and can be fabricated in sizes ranging from 25 to

800 gallons (ref. 5). The vessel (fig. 5) has highly effective insu-

lation that minimizes the boiloff rate of the stored cryogenic

liquid and makes it possible for the cryogenic fluid to be lique-

fied directly in it.

An inner vessel contains the cryogenic liquid; an outer vessel

surrounds this inner shell to form an evacuable space. Within

this space and surrounding the inner vessel is a cooled radiation

shield, around which is wrapped a 15-layer insulation. The multi-

layer insulation consists of layers of aluminum foil and vinyl-
coated fiber-glass screen.

Maximum use of the refrigeration capacity of the boiloff gases

is achieved by using the boiloff vapors to cool the radiation

shields and the neck tube. Lateral supports of low-thermal-con-

ductivity fiber-glass-reinforced epoxy, equally spaced at the top

and bottom of the vessel, connect the radiation shield to the outer

shell. The positioning of the inner vessel inside the radiation

shield at the bottom is accomplished with a glass-ball support.

Highly effective proprietary designs of cryogenic storage and

transport vessels have been developed by industrial companies.

Significant internally sponsored development work has been

carried out by such companies (ref. 6). The additional experience

gained by these companies on space-oriented programs is re-

flected in a more rapid advance in product improvement and de-

velopment as well as the more effective performance of avail°

able industrial equipment.

w-

\

r- v- y ---

\

i

"\

.k

_r

w

: , ++



CHAPTER 3

Principles of Thermal Insulation Systems

DEFINITIONS

Thermal insulations consist of either a single material, a mix-
ture of materials, or a composite structure, and are designed to
reduce heat flow between their boundary surfaces at specified

temperatures. The effectiveness of a thermal insulation is judged
on the basis of thermal conductivity, which depends on the physi-
cal structure of the material.

"Thermal conductivity" is defined as the property of a homo-
geneous body measured by the ratio of steady-state heat flux

(time rate of heat flow per unit area) to the temperature gra-
dient (temperature difference per unit length of heat-flow path)
in the direction perpendicular to the area. A material can be
considered homogeneous when the value of thermal conductivity
is unaffected by variations in specimen thickness or area over a

small temperature range.
To be meaningful, thermal conductivity must be identified with

respect to the mean temperature. For a material that is not iso-

tropic, thermal conductivity varies not only with temperature
but also with the direction and orientation of heat flow. Thermal

conductivity is usually measured with a material exposed to a
definite temperature difference. Because of the complex inter-
actions of several heat-transfer mechanisms, the term "effective"

or "apparent" thermal conductivity is employed to distinguish
this value from an ideal thermal conductiviW corresponding to

a very small temperature difference.
In general, the performance of a thermal insulation depends

on the temperature and emittance of the boundary surfaces, its
density, the type and pressure of gas contained within it, its
moisture content, its thermal shock resistance, the compressive
loads applied to it, and the effects of mechanical shocks and vi-
brations.

"Emittance" is the ratio of emission of radiant energy by an
opaque material to the emission of a perfect emitter, or black-
body, at the same temperature. Emittance, a practical measure
of a material's radiant emission, is distinct from emissivity, a

18
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14 THERMAL INSULATION SYSTEMS

more nearly ideal property obtained by measuring a material

whose surface has been carefully prepared to be optically flat.

In applications where heat flow varies with time, the heat ca-

pacity of the insulation affects the heating or cooling of the
insulation material and must be considered.

A "thermal insulation system" is a combination of materials

selected for their chemical, physical, and structural properties.

These materials are integrated with the structure to be insu-

lated to obtain the most effective system for specified operating
conditions.

FUNCTIONS

A single, homogeneous thermal insulation material cannot

withstand all the extreme-temperature conditions encountered by

cryogenic vessels or hypersonic-speed aircraft without introduc-

ing serious design penalties. Combinations of materials with de-

sired physical, chemical, and mechanical properties are much

more effective. These combinations may take the form of discon-

tinuous phase matrices such as: (1) one in which particles, flakes,

or fibers are dispersed in varying proportions; (2) a laminate

of two or more layers, either bonded together or held loosely in

a multilayer sandwich; or (3) a low-density core of a honey-

comb or foam material encased by sheets of higher-density

materials. Such a composite material can be assembled into a ther-

mal insulation system to provide maximum insulating effective-

ness with the desired structural integrity.

The advantage of the system approach to thermal protection
is that materials can be chosen on the basis of the most advan-

tageous physical, chemical, and mechanical properties in a spe-

cific temperature range to withstand predicted heating condi-

tions. The most effective load-carrying element can be arranged

to withstand such outside forces as compressive loads, vibrations,

and shocks, and to support an outer structure that excludes the

outer environment. The integration of the insulating material and

the load-carrying elements of such a thermal insulation system

to provide optimum performance under specified conditions re-

quires careful selection of the component materials and care in

its design and application.
Structural and environmental variables influence the physical,

chemical, and mechanical behavior of the insulation materials

and place serious constraints on the types of materials that can

be used for a thermal insulation system over a specified range of

temperatures. Thus, a material which may have a low thermal

conductivity near room temperature may lose all mechanical
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strength at elevated temperatures, react with other components
of the system, or be uneconomical to produce or difficult to apply.
Conversely, an assembly of materials which have been shown in

the laboratory to have excellent performance at cryogenic tem-
peratures may not withstand the mechanical shock and vibra-
tion of a cryogenic tank designed for over-the-road transport.
The end applications of thermal insulation systems must be con-
sidered, lest the handling and transportation of the insulated

objects prior to final use decrease reliability or increase the com-
plexity of maintenance procedures.

HEAT TRANSFER

Heat can flow through an insulation by the simultaneous action
of several different mechanisms:

• Solid conduction through the materials making up the insu-

lation and conduction between individual components of the
insulations across areas of contact

• Gas conduction in void spaces contained within the insula-
tion material

• Radiation across these void spaces and through the compo-
nents of the insulation.

Because these heat-transfer mechanisms operate simultane-

ously and interact with each other, it is not possible to super-

impose the separate mechanisms to obtain an overall thermal

conductivity. The thermal conductivity of an insulation is not

strictly definable analytically in terms of variables such as
temperature, density, and physical properties of the component

materials. It is, therefore, useful to refer to an apparent thermal

conductivity, which is measured experimentally during steady-
state heat transfer and evaluated from the basic Four-

ier equation:

where:

k
A

T,, T,
L

T_ q_

il = kA -_....._....2'
L

heat flow through the material
apparent thermal conductivity
area
boundary temperatures
thickness of the insulation
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The primary effort in the development of more effective ther-

mal insulations is directed toward reducing the different heat-

transfer mechanisms. To aid these efforts, the effects of variables

--solid conduction, gas conduction, and radiation--on thermal

conductivity had to be determined.

Solid Conduction

The contribution of solid conduction can be reduced by break-
ing up the heat-flow paths within an insulation. This is accom-

plished by using either finely divided particles or fine fibers so
that resistances to heat flow are formed at the surface of each

insulation component. In foams, small pore sizes and thin-wall
structures are desirable for the same reason. To maintain these

circuitous heat-flow paths, the contact area between individual

particles or fibers must be reduced to point contacts, whose re-

sistances depend upon the deformation caused by the compressive
load imposed on the insulation. These resistances will be enhanced

by an increased modulus of elasticity of the components of the

insulation and a reduced solid thermal conductivity. Hollow par-
ticles or those with a structured interior tend to exhibit a lower

thermal conductivity than solid particles. Fine screens separating

radiation shields in multilayer insulations, small-diameter powders

and fibers, or disks of metal foils .dusted with fine powder also

exhibit markedly lower thermal conductivity because of increased
contact resistance.

Gas Conduction

The low thermal conductivity of evacuated thermal insulations

can be largely attributed to the removal of gas from the void

spaces within the insulation. The gas itself is a dominant con-

tributor to heat flow through the insulation because it provides

good thermal contact between the different components of the in-

sulation. The degree of vacuum necessary to achieve the desired

insulating effectiveness can be established by considering the

mechanism by which heat flows through a gas bounded by the

surfaces of the insulation components. According to the kinetic

theory of gases, the thermal conductivity of a gas is propor-

tional to the mean free path of the molecules and the gas density.

The effect of gas conduction can be divided into two separate

regions:

• The region ranging from atmospheric pressure down to a

few torrs (a torr is equal to one millimeter of mercury), in which

gas conduction is independent of pressure

\
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• The region at pressures below a few torrs, in which gas con-
duction depends on pressure

The transition from one type of gas-conduction region to the
other depends upon the dimensions of the individual components
of the insulation. For example, the diameter of a particle, the
spacing between radiation shields, and the diameter and arrange-
ment of pores determine the pressure required to obtain a mean

free path of the gas molecules within a desired gas-conduction
region. A decrease in gas pressure results in an increase of the

mean free path until the mean free path is of the same order

as the distance between insulation components. Further decrease

in pre_ure can no longer influence the mean free path of the

gas molecules being constrained by the insulation components.

However, the density of the gas is directly proportional to the

pressure and will continue to decrease as gas molecules, which
then transfer heat directly between adjacent components without

suffering collision, are removed.
The larger the voids between the components of the insulation,

the lower the pressure required to approach the pressure-depend-

ent gas-conduction region. Because the degree of vacuum re-

quired to obtain a high insulating effectiveness in evacuated

powder, fiber, or multilayer insulations is difficult to achieve,

voids between components of the insulation should be small

enough so that gas conduction can be greatly reduced. For exam-

ple, it is desirable to use a range of sizes of powder insulations
so that large voids will be filled by smaller particles and small
voids in turn by still smaller particles. In fiber insulations, sub-

micron-sized fibers will, for the same reasons, provide a more
P

effective insulation performance at high gas pressures.

In the pressure-dependent gas-conduction region, the thermal

conductivity of the insulation still has a finite value because heat

can be transferred by residual gas conduction, by solid conduc-
tion within and through the components of the insulation, and

by radiation across the voids and through these components.
The contribution to the heat flow by gas conduction in an insu-

lation and the mechanisms for transferring heat between adja-

cent particles have been the subject of many detailed investiga-
tions. These investigations have shown that for fine particles

up to 0.004 inch in diameter, a reduction in gas pressure to about
10-' torr is sufficient to decrease gas conduction to a negligible

value.
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Radiation Heat Transfer

Powders and Fibers

Radiation emanating from a warm boundary can pass through

powders or fibersand, by absorption within the insulation, heat

components by an irreversible process. As the radiation passes

through the particles it is partially scattered and absorbed. The

transmission of radiation through an absorbing and scattering

material is complex. Analyses indicate that the radiation heat-

transfer contribution to thermal conductivity is a function of the

cube of the temperature and isinversely proportional to the scat-

tering and absorption cross sections. The rate of radiation heat

transfer may be changed by absorption, reradiation, and scat-

tering. Absorption is closelyrelated to the physical characteristics

of the material itselfand is influenced by the wavelength dis-

tribution of the incident radiant energy and the emittance of

the individual components.

It is possible to select optimum particle sizes for attenuating

radiation. The optimum size depends upon the wavelength dis-

tribution of the incident radiation. The reduction of the emit-

tance of surfaces enclosing the insulation will further reduce the

radiation heat transfer through it.The inclusion of a number of

highly reflectivethin flakes,or finelydivided reflectingmaterials

capable of reradiation, will reduce the radiation heat transfer.

The addition of absorbing material in the form of fine powders

such as carbon will tend to further attenuate the radiation heat

transfer through an insulation.

Multilayer Insulations

In multilayer insulations, the principles used to obtain more

effective evacuated powder and fiber insulations were carried to

a logical conclusion by the recognition of the importance of radi-

ation heat transfer once the mechanisms of gas conduction and

solid conduction have been reduced. In this insulation, radiation

shields of the lowest emittance are separated by spaces of very
low conductivity exposed to a high vacuum. In an idealized assem-

bly of radiation shields (i.e., where the radiation shield is de-

fined as an isothermal surface of low emittance having no direct

contact with adjoining surfaces and/or boundaries), radiation

heat transfer is directly proportional to the emittance of the sur-

faces and inversely proportional to the number of radiation

shields between the two temperature boundaries. In practical

multilayer insulations, radiation heat transfer between two ra-

v-- r- -- r r v--
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diation shields with an intervening medium of an optically non-

transparent spacer involves complex interactions between the
reflective properties of the radiation shield and the absorption

and scattering properties of the spacer.

LABORATORY MEASUREMENT TECHNIQUES

Because of the complexity of the heat-transfer phenomena that

control the performance of thermal insulations, data obtained
from laboratory tests are essential in developing insulations and
in guiding their installation. Although considerable data have
been accumulated on insulation performance under different con-

ditions, a specific application may differ to such an extent that

extrapolation of the available data can provide only an estimate,
rather than a firm prediction, of insulation performance.

The efforts devoted to establishing suitable test methods and

procedures to provide the desired data indicate the importance of
laboratory tests. Although at present only a few thermal conduc-
tivity test methods are standard (for example, the ASTM
guarded-hot-plate method), efforts are being made to standard-
ize them, particularly in the range of cryogenic temperatures.
Methods developed in response to the need for accurately pre-
dicting thermal properties of insulation exposed to extremes of
environment are discussed in the following text.

Density
Normally, in the literature, the reported density for a thermal

insulation corresponds to room-temperature conditions. If the
thermal coefficient of expansion for the insulation is known, the
density can be corrected to correspond to any particular set of

operating temperatures. The thermal coefficient of expansion is
generally reported for solid and foam insulations, but no such
data are found in the literature for powder, fiber, and multi-

layer insulations.
The volume of a sample of rigid insulation material can be

determined by measuring the volume of water it displaces. The
volume of an insulation such as a closed-cell foam can be deter-

mined by measuring and multiplying its length, width, and
height together. However, the densities of powder, fiber, or mul-
tilayer insulations that are subject to compression and are
affected by shock and vibration cannot be measured by this
method.

Reference 7 suggests a method for measuring the volume of
fibrous or multilayer materials by placing a sample of known
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diameter (or length and width) between two parallel plates.
The distance between the plates is assumed to be the average
thickness of the sample when both plates are touching the sample
at least in a few places. From that position the plates can be
brought closer only by the application of a compressing force to
the sample. The distance between the plates is plotted against the
compressive load applied to the sample. Assuming that the diam-

eter of the sample remains constant throughout the compression
cycle, the volume and the density of the sample can be expressed
as a function of the applied compressive load.

Because it is difficult to define the density of powder, fiber, or
multilayer insulations, the weight of insulation covering 1 square
foot of area is often used. To describe the insulation further, the
nominal thickness of the layer or the number of radiation shields
of a multilayer insulation are reported.

SpecificHeat

Traditional experimental methods are used to measure the spe-
cific heat of insulation materials. The specific heat of foam, pow-
der, fiber, and multilayer insulations is estimated by summing
the weighted heat capacities of the constituent materials and di-
viding by the sample weight.

Thermal Conductivity and Thermal Digusivity

Because of the very low thermal conductivity of effective cryo-
genic insulations and the difficulty in obtaining low tempera-
tures, unique thermal conductivity apparatus capable of measur-

ing small heat flows through test materials had to be developed.
Each investigator tended to design and develop his own test
apparatus for a specific material and for the variables he planned
to investigate. Several designs for thermal conductivity test ap-

paratus have evolved, although none of them can be called stand-

ard. Nor is any one capable of meeting all the required test

conditions. Most of the designs presently in use are classified by

the shape of the sample test chamber: spherical, cylindrical, and
flat plate.

Spherical Apparatus

An apparatus of this kind is shown in figure 6. It consists of
an inner spherical shell containing a cryogenic liquid and an

outer spherical shell kept at a uniform temperature by an elec-

trical heater or circulating liquid. The test sample is placed be-

tween the two shells. The boiloff rate of the cryogenic liquid is an

T -- -7 ..... : ,-
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FIGUm_ 6.--Spherical thermal conductivity apparatus.

.

indication of the heat flow through the material and is used to
calculate the thermal conductivity (ref. 8). Figure 7 shows a
variation of the spherical type of apparatus, in which an elec-
trical heater is installed inside the inner shell and the outer shell

is immersed in a cryogenic liquid. In this case, the heat input
of the heater is used to calculate the thermal conductivity.

The advantage of the spherical apparatus is its simplicity of
construction. However, it has several disadvantages:

• A spherically shaped insulation sample is difficult to pro-
duce, except for materials such as po_vders, fibers, and some foams.

• The uniformity of the sample cannot be easily controlled.

• For each size of the sample a separate set of shells must be
provided.
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FmURE 7.--Spherical thermal conductivity apparatus with

electrically heated core.

• It is difficult to apply compressive loads to the sample.

• The heat leak along the neck of the spherical apparatus can-

not be accurately estimated.

Cylindrical Apparatus

Figure 8 shows a cylindrical thermal conductivity test appa-

ratus (ref. 9). It consists of a cylindrical measuring vessel

guarded on both ends by cylindrical guard vessels. The upper

guard vessel also reduces the heat loss through the neck of the

measuring vessel. All three vessels are filled with the same cryo-

genic liquid. The outer jacket is kept at a uniform temperature
by an electrical heater or constant-temperature liquid bath. The
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Fzoums 8.--Cylindrical thermal conductivity apparatus.

23

\

\

boiloff rate of the cryogenic liquid in the measuring vessel is
used to calculate the thermal conductivity of the sample.

This apparatus is adaptable for testing powder, fiber, and mul-
tilayer insulations, but, like the spherical type, it is not easily
adaptable for investigating the effects of density changes due to
compression of the sample. However, this type of apparatus has
found wide application, primarily where simplicity of design and
low cost are required and the variables to be measured are few.

Flat-Plate Apparatus

The fiat-plate thermal conductivity test apparatus consists of
hot and cold fiat plates, between which a fiat sample can be in-
serted. This concept approaches that of the standard guarded hot
plate (ref. 10) and has been shown to be versatile. Several
approaches can be used in designing the apparatus.

\
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Guarded-hot-plate apparatus

Figure 9 shows a single-guarded-hot-plate apparatus. It con-

sists of a cold plate, uniformly cooled by a cryogenic liquid,

and an electrically heated hot plate surrounded by a guard ring.

The temperature of the guard ring is kept equal to that of the

measuring hot plate to prevent heat transfer between the guard

and the measuring plates. The electrical heat input into the meas-

uring hot plate is assumed to be equal to the heat flow through

the sample. Such an apparatus was used to investigate the in-

fluence of compressive loads, sample thickness, density, and oper-

ating temperature on the thermal conductivity of powders and
fibers in a vacuum. Some difficulty was experienced in maintain-

ing equal temperatures in the heated guard and measuring plates.

This problem tends to be accentuated when materials of higher

insulating effectiveness are tested, unless a sensitive control cir-
cuit is used.

Banjo-type guarded-hot-plate apparatus

Figure 10 shows a banjo-type guarded-hot-plate apparatus

(ref. 11). It has an electrically heated hot plate inside a ring-

shaped guard heater. Two flat test samples are placed on each

Vent F Fill

I C _ogenic Liquid

i" _ Hot Plate

!
Ldeasuriag _ "_

FIGURE 9.--Single-guarded-hot-plate thermal conductivity apparatus.
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To Vacuum

FIGUR_ lO.--Banjo-type guarded-hot-plate thermal conductivity apparatus.

side of the hot plate. The complete assembly is enclosed in a con-
tainer that can be evacuated and immersed in a constant-temper-
ature bath. This apparatus permits the .measurement of thermal
conductivity over a range of temperatures. However, the physical
environment of the sample tends to be harder to control. This

apparatus has been useful for measuring foamed materials at
cryogenic temperatures and has provided data required for launch
vehicle thermal protection systems.

Guarded-cold-plate apparatus

Figure 11 shows the single-guarded-cold-plate apparatus (ref.
12). Its design is a modification of the Wilkes calorimeter (ref.
13). In the single-guarded-cold-plate apparatus the bottom of the
measuring vessel constitutes the cold plate. The 3-inch-diameter
measuring vessel is surrounded by a 6-inch-diameter guard ves-
sel. The hot plate is kept at a uniform temperature by a circu-

lating fluid. The boiloff rate of the cryogenic liquid in the meas-

uring vessel is recorded and is used to calculate the heat flux
through the insulation sample. An improved version of the appa-

ratus (fig. 12) was designed recently (ref. 14).
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FIGURE ll.wSingle-guarded-cold-platethermal conductivity
apparatus.

The double-guarded-cold-plate apparatus can measure the ther-
mal conductivity of disk-shaped samples of multilayer, powder,
fiber, and cellular insulations of organic and inorganic materials
with a thermal conductivity as .low as 0.14 mW/cml-°C _
(1 × 10-' Btu-in./hr-°F-fff).

Depending upon the boiling point of the specific fluid used, one
side cf the sample can be exposed to a range of discrete t_mper-
atures from -423 ° to -23 ° F (20 ° to 243 ° K). By proper choice
of fluids and automatic temperature control, the other side of
the sample can be exposed to a range of temperatures from -320 °
to 440 ° F (77 ° to 500 ° K). The test-sample disk can range in
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FIOURE 12.--Cro_s section of double-guarded-cold-plate thermal conduc-

tivity apparatus.

thicknessfrom 0 to 2 inches with diameters of up to 12 inches.

The diameter of the measuring sectionof the sample is 6 inches.

The sample can be exposed to any desiredgas at pressuresfrom
10-4 torr up to 14.7 psia.Additionally,the testchamber can be

purged with gases at controlledpressures.The test-samplethick-
ness can be changed during a test by moving a hydraulically

actuated hot plate.Parallelalinement of the hot and cold plates

and the thicknessof the testsample can be measured during the

testwith an accuracy of 0.001 inch (25 microns) by three dial

indicators.While the testis in progress,compression loads from

0 to 22 psi can be appliedto the sample by a hydraulicallycon-

trolledand calibratedpressure unit.During the test,the edges
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of the sample can be exposed to temperatures ranging from

-320 ° to 440 ° F (77 ° to 500 ° K) by means of a guard shield.

Flat plate with heat meter

This apparatus consists of two copper plates (1/2 inch thick by

12 inches square in the apparatus described in ref. 15). One plate

is maintained at -315 ° F (80 ° K) by liquid nitrogen, the other

near ambient temperature by circulating water. A heat-flow-

meter assembly consists of a 4-inch-square thin plastic plate with

a thermocouple pile surrounded by a ring-shaped plastic square

of the same thickness. The assembly is cemented to the warm

plate. The heat-flow meter is factory calibrated or can be cali-

brated with a sample of known thermal conductivity. (The ap-

paratus described in ref. 15 has vertical cold and warm plates.)

Transient-Heat-Flow Measurement Method

The devices previously discussed are based on measurement of

a steady-state heat flow. Several instruments are available which

can measure thermal diffusivity during the period of transient

heat transfer. Given the density and specific heat, thermal con-

ductivity of the material can be calculated from this measure-

ment.

The transient-heat-flow measurement method is faster than

the steady-state heat-flow measurement method but less accurate.

Line heat source apparatus

The line heat source apparatus is designed to measure thermal

conductivity of powders at low pressures (10 -1° torr) and low

temperatures (ref. 16). The apparatus consists of a heater wire

and a parallel thermocouple wire, suspended on a support struc-

ture inside a sample holder as shown in fig. 13. The support

structure for the heater and thermocouple wires consists of a

stainless-steel base 1 inch wide by 6 inches long by _/_ inch thick.

Four stainless-steel supports (two on each end of the base) have

been attached with epoxy resin to ]A6-inch holes drilled in the

stainless-steel base. Similarly, four ceramic-to-metal insulating

binding ports (two on each end of the base) are attached to the

steel base approximately I/2 inch from the stainless-steel supports.

A 0.001-inch-diameter constantan heater wire is attached with

epoxy resin to one pair of stainless-steel supports. The epoxy

resin electrically insulates the heater wire from the stainless-

steel suppo,rts. The wire is firmly attached to be taut without

:. _ ., _ £ L
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FIGURE 13.reLine heat source apparatus.

undue strain. The wire continues from the stainless-steel supports
and is soldered to the nearest ceramic-to-metal binding posts.
The total heater-wire length is 8 inches, the supported length

is approximately 5-1/2 inches, and each end loop (between the sup-
ports and the binding posts) is approximately 1-_/8 inches long. A
0.001-inch-diameter iron-constantan thermocouple is parallel to,
and approximately %4 inch from, the heater wire and is sup-
ported by the second set of supports and binding posts. Both wires

are approximately 1_ inch above the steel base. The end loops of
the thermocouple wires are approximately 1-1/_ inches long; the
wire length between the stainless-steel supports is approximately

5-1/_ inches. The iron-constantan thermocouple junction is made
by placing the two wires next to each other, silver-soldering the
junction, and trimming off the excess wire. Heater wire leads of
0.015-inch stranded copper wire, approximately 18 inches long,
are attached to two binding posts. Heavier No. 36 thermocouple
lead wires, 36 inches long, are attached to the other two binding
posts. The resistance of the lead wires is less than 1 percent of
the total resistance. An iron-constantan thermocouple reduces

axial heat losses (iron has a thermal conductivity less than one-
sixth that of copper). Although the wires are positioned firmly,
they are quite fragile.

The sample holder for the line heat source is machined from

a copper block; holes are bored along the walls and base for
cooling passages. A cooling or heating fluid can be passed through
the walls and base of the holder to bring the samples to the
desired temperature.

Thermal conductivity probe apparatus

A thermal conductivity probe is shown schematically in figure
14 (ref. 16). This device is more rugged than the line heat
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FXGURE 14.--Thermal conductivity probe apparatus.

source apparatus and is particularly useful as a quality control
tool for foam, fibers, or powders. A bifilar coil is wound with
fluorocarbon-coated constantan wire. A fluorocarbon-coated cop-

per-constantan thermocouple (welded joint) is inserted at the
midpoint of the coil. The probe is filled with a plastic resin. The
outer sheath of the probe is type 304 stainless steel. The top of

the probe consists of a cone-shaped holder in which the smaller
heater wires are connected to copper leads. The thermocouple leads

are continuous for several feet. The bottom and top of the probe
are fiUed with a sealing resin. Filling the probe with a plastic

resin prevents possible outgassing due to leaks in the probe
sheath and therefore eliminates the possibility of internal con-

tact resistances within the probe.
The probe sample holder (fig. 15) consists of a copper sheet

formed into a cylinder 4-a/a-inch i.d. and 6-5/8 inches high. Quarter
inch copper tubing is soldered to the wall and to the bottom of
the sample container; legs are provided to maintain clearance
between the bottom of the sample container and the base plate.

A copper lid can be attached to the holder by wing nuts.

...... L

f,



PRINCIPLES OF THERMAL INSULATION SYSTEMS 31

art rt A A

FXGURZ 15.--Thermal conductivity probe and sample holder.

Non-steady-state thermal-conductivity tester

This device is illustrated in figure 16 (ref. 17). A high-con-
ductivity mass and the insulation are initially at the same con-
stant temperature. They are suddenly exposed to a low tempera-

ture, and the outer boundary of the insulation cools rapidly to a
new temperature. The high-conductivity mass, however, isolated
from this new boundary temperature by the insulation, will at
first undergo no temperature change but will eventually begin
to cool and will ultimately approach the temperature surround-
ing the tester. The rate at which the mass cools is governed by
the weight and heat capacity of the mass itself as well as by
the weight, heat capacity, and thermal conductivity of the sur-
rounding insulation.

Two models of this tester have been developed: one for pow-

der insulations and the other for multilayer insulations. Both
can measure the performance of insulations in a vacuum envi-

ronment. The major difference between the two models is the
size of the thermal mass. Since multilayer insulations are non-
isotropic, physical configurations are significant. A compromise
has to be made between a tester small enough for easy use and
an ideal (i.e., infinitely long) cylinder with no end-heat loss. By
extending the insulation around the ends of the cylinder, the
end-heat loss is minimized and approaches that of the cylindri-
cal-surface loss per unit area.

The temperature of the insulated body is monitored by chro-
mel-constantan thermocouples anchored to the vessel and passing
through the insulation and the outer vacuum jacket. The testers
are heated and cooled within a large-mouth Dewar. Heating is
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Test Insulation

_u_a_

FIaURE 16.--Non-steady-state thermal conductivity tester.

accomplished with an immersion heater controlled by a bulk-

type thermostat. Liquid nitrogen is used for cooling.

PROTOTYPE TESTS

New thermal insulations should initially be evaluated in a

thermal conductivity apparatus. Before an insulation system can

be judged suitable, however, it should be thoroughly tested in a

simulated operational environment. This usually requires that a

prototype tank be constructed, insulated, and tested under var-
ious controlled conditions. In progressing from laboratory ther-

mal conductivity tests to prototype tests--and subsequently to
full-scale tests--a logical sequence of steps in the development

of new insulations can be maintained.

Most space-oriented programs have been concerned with pro-

tecting and insulating liquid-hydrogen tanks, but the test methods
and the results obtained are applicable to the storage of any

cryogenic fluid in terrestrial environments.

An environmental chamber is designed to simulate the condi-

tions to be encountered by the thermal insulation system during
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operation. Because of the variety of factors to be considered, it
is easier to simulate each condition imposed on the insulation

separately. Descriptions of the various types of environmental
simulation chambers which have been used to test insulation sys-
tem concepts on prototype or full-scale tanks are given in the
following text.

Simulation of Operational Environments

Terrestrial Simulation

For these tests, insulated tanks are placed inside a chamber

in a convenient, safe location and exposed to controlled wind,
rain, humidity, and temperature conditions. A well-designed
insulation system should be independent of these weather condi-
tions. One test chamber was constructed to maintain a dry nitro-

gen atmosphere around the tank. The temperature in the cham-
ber was controlled with steam coils (ref. 13). If the insulated
tank is to be road transportable, tests to establish the effects of
vibration and shock are carried out in a separate facility.

Racket-Launch Simulation

Typical launch simulation includes:

$ A rise in temperature of the surface of an exposed tank as
a result of the high velocity attained in the atmosphere

$ A dynamic pressure transmitted to the insulation
• A rapid decrease in ambient pressure as the rocket gains

altitude

A typical profile of a launch trajectory is shown in figure 17.
The dynamic pressure builds up to a maximum of about 900
psf before the surface temperature changes significantly. At
higher velocities (i.e., roach numbers), the temperature increases
to a maximum of nearly 700 ° F (370 ° C) before it decreases.
Typical pressure-temperature curves are shown in figure 18. The
temperature peak and rapid pressure decay are clearly indicated.
Environmental launch simulation must reflect such changes.

Noise simulation in the range of 153 to 158 decibels is a part
of prototype tests, although it is usually carried out in a sep-
arate test facility (ref. 18).

Space Simulation

At the end of the powered phase of flight, the tank is in a
near-zero-gravity field. If the cryogenic fluid is to be stored for
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PRINCIPLES OF THERMAL INSULATION SYSTEMS 85

later use, then the storage tank must be insulated against heat

leaks for days or perhaps even months.
In space, the primary purpose of the insulation is to prevent

solar and planetary thermal radiation from penetrating to the
tanks. At the Earth's distance from the Sun, the solar heat flux

is about 430 to 440 Btu/hr-ft' (0.136 to 0.140 W/cm') (refs.
19, 20). This value varies inversely as the square of the distance
from the Sun. The Sun can be approximated by a blackbody with
a temperature near 10000 ° F (5500 ° C), although radiation
levels at wavelengths less than 0.25 micron and greater than 2
microns are not well known. In addition, there may be planetary
radiation to simulate. For example, 100 miles above Earth, a radi-
ation level of about 234 Btu/hr-ft' (0.074 W/cm') is experi-

enced on the projected area (ref. 21). This radiation can be
simulated by a source at about 10 ° F ( - 12 ° C) with an emissivity
of 0.6. Because the solar or planetary radiations are directional,
the thermal radiation impinging on the tank should be parallel
rays emanating from a suitable radiation source. Different tank

orientations within a chamber will expose the tank to different
heat fluxes.

In addition to simulating thermal radiation, the pressure in
the environmental chamber must simulate space or planetary
conditions. Other environmental factors such as micrometeor-

oids and particulate or ionizing radiation from a nuclear propul-

sion system, or the Van Allen belts (refs. 20, 22), are not simulated
in the chamber, although the materials considered for an insu-
lation system should be tested in these environments. Heat leaks
due to supports or piping leading from the tank to other por-
tions of a space vehicle can be simulated by adjusting both the
position of the tank in the chamber well and the support method
so that the combined effect of the two achieves the desired
heat loss.

Environment-Simulation Chambers

Ground or PrelaunchTests

Tests of large insulated liquid-hydrogen tanks in a prelaunch
environment have been carried out in convenient and safe loca-
tions. A number of such tests have been made and the heat leak

measured by monitoring the vent flow gas (refs. 24-27).

LaunchTests

Such tests are carried out in a combustion gas flow tunnel.

In one set of experiments, only the temperature and dynamic
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pressure effects were studied (ref. 25). A tank containing liquid

nitrogen was covered with various insulation panels and placed

in the tunnel. The time to attain peak air temperature was var-

ied between 10 and 20 seconds. Temperatures of up to 900 ° F

(480 ° C) were attained with a corresponding dynamic pressure

of 13 psi. After each test the degradation of the insulation was
determined.

In a more complete test of a prototype tank, subsonic tests

were first carried out by placing the insulated tank at various

distances behind the exhaust of a turbojet engine (ref. 26). A

wide range of dynamic pressures and gas temperatures was em-

ployed. To test the systems in the transonic and supersonic

range, the tank was located in an 8- by 10-foot supersonic wind

tunnel fed with hot combustion gas. The tank was filled with

liquid nitrogen and air velocities varied from Mach 0.5 to 2. The

angle of attack was 0 °. In some tests a 15 ° wedge or blunt body

was mounted on the top of the tank to induce standing shock

waves. Figure 19 shows the experimental setup.

In these tests the rapid decrease in static pressure was not

simulated. The insulated tank was placed in a chamber which

was subsequently evacuated to simulate the pressure-time history
of the launch.

Measuring -
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Space-Flight Tests

A number of insulation systems have been tested in low-pres-

sure chambers (refs. 19, 28, 29). A typical test chamber is shown
in figure 20. The double vacuum chamber allows an accurate
measurement of heat leaks and assures _ood vacuum seals at
low temperatures. A similar apparatus has been used to test insu-
lation panels for a liquid-hydrogen tank (ref. 26). These panels
are made with a full-scale curvature of 60 inches. They are first

placed in the chamber at ambient conditions. The pressure is rap-
idly decreased and, simultaneously, the insulation is heated with
a bank of infrared lamps. Thus launch simulation without dy-
namic pressures or vibrations is achieved.

The effects of different heat fluxes reaching an insulated tank
calorimeter filled with either liquid hydrogen or liquid nitrogen
were measured by placing the tank inside an outer vessel which

was subsequently evacuated to a low pressure (ref. 30). The
heat leak through the insulation was measured after the tank
was exposed to different temperatures. The temperatures were
varied by using baffles wound externally with tubes so that the

upper and lower baffles, at different temperatures, provided a
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FIGURE 20.--Low-pressure liquid-hydrogen test chamber.
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38 THERMAL INSULATION SYSTEMS

directional heat flux over the top and bottom of the cryogenic

tank. Figure 21 shows a chamber _th two baffles. The tempera-
tures of either baffle could be varied from liquid-hydrogen tem-

peratures, -423 ° to 100 ° F ( -253 ° to 40 ° C). The lower temper-
atures simulate environment of that portion of the tank which

radiates to space while the higher temperatures approximate
radiation from planets and the Sun.
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CHAPTER 4

Cryogenic Insulation Systems

PLACEMENT OF INSULATION SYSTEMS

Insulations used in spacecraft must withstand a variety of
environmental conditions, ranging from those during ground
hold through launch to space flight. To meet these conditions sev-
eral insulation-placement techniques have been developed.

External Insulation

External insulation has been used for the liquid-hydrogen stor-
age tanks of large boosters such as the Saturn S-II and S-IV

and for many smaller cryogenic-fluid storage vessels developed
for the Apollo program. External insulation is the most widely
used because---

• Complex tank shapes can be insulated.
• Insulation thickness can be built up in successive layers or

in individual sections.
• Insulation can be integrated with supports and pipes.
• Sections of insulation can be more easily repaired.

External insulation requires that either an outer shell or a
vapor-tight barrier be placed over it. After this process has been
completed, however, the tank is quite fragile and must be handled
with care to prevent damage to the insulation.

Internal Insulation

In this technique, which is applicable primarily to large tanks,
the insulation is placed inside the tank shell. The major advan-

tages of such placement are--

• The insulation does not need to withstand aerorlyn_._ heat-

ing and pressures during vehicle launch.
• Mechanical handling of the complete, c_,_, .,c tank is sim-

pler than that of a tank with a fragile exte_ _r" insulation.
• The insulation is not penetrated by external lines and pro-

jections.
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4O THERMAL INSULATION SYSTEMS

The disadvantages of internal insulation are--

$ The insulation must be attached securely to the inner wall
and the cryogenic liquid must be prevented (by a vapor barrier)
from leaking into the insulation. If such leakage occurs, the

liquid will vaporize at, or near, the warm wall and drastically
reduce the insulation's effectiveness.

• Defective portions of the insulation are hard to locate and
repairs are difficult to make.

• Any separation of the insulation from the wall caused by
thermal contraction, vibration, or sloshing will result in an in-
creased heat leak; loose sections of the insulation can plug the
liquid supply lines.

Jettisonable Insulation

An alternative, applicable to large space-vehicle cryogenic-
fluid storage tanks, is to jettison the insulation after launch.
In this case, the insulation is effective only during ground hold

and for that time period during launch when high external pres-
sures (dynamic) and temperatures are experienced. Jettisoning
the insulation prevents heat absorbed by the insulation during
launch from being transferred to the tank. The insulation is held

in place mechanically and is not bonded to the tank wall with
adhesive. To prevent air condensation, the space between the in-
sulation and the tank wall must be purged with helium.

MATERIALS FOR INSULATION SYSTEMS

Insulations can be categorized according to the form of the

materials, such as: loose fill (e.g., bubbles, fibers, flakes, gran-
ules, and powders), flexible (e.g., batting, blanket, felt, and

multilayer), rigid (e.g., block, board, brick, honeycomb; and
molded, foamed, or sprayed-in-place materials). In addition to
design criteria and economic considerations, the choice of insu-
lation materials is usually dictated by the operating tempera-
ture range.

As shown in figure 22, the weight of insulation materials that

are to be used in space-flight applications must also be opti-
mized (ref. 31). For these applications, flexible materials are

typically employed. Loose-fill materials, either evacuated or at

atmospheric pressure, are employed for storage, transportation,
or transfer of cryogenic fluids. Rigid insulation materials are

used for both space-flight and terrestrial applications requiring
mechanical strength.
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FIGURE 22.--Weight effectiveness of insulations.
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Comprehensive literature is available on insulation materials

in all of the above categories. The materials that have the most

direct application to cryogenic insulation systems and those that

are new (i.e., in terms of the type of material, combination of

materials, or performance data obtained) are discussed in the

following text.

Multilayer Insulations

A multilayer insulation consists of many layers of alternate

radiation-reflecting shields separated by low-conductivity spac-

ers. This assembly is placed perpendicular to the flow of heat.

Each layer contains a thin, low-emissivity radiation shield ena-

bling the layer to reflect a large percentage of the radiation it

receives from a warmer surface. The radiation shields are sep-
arated from each other to reduce the heat transferred from shield

to shield by solid conduction. The gas in the space between the

shields is removed to decrease the conduction by gas molecules.

Each component of the insulation is designed specifically to per-

form a particular function:

• Radiation shields--to attenuate radiation

• Spacers--to decrease solid conduction

• Evacuation--to decrease gas conduction
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42 THERMAL INSULATION SYSTEMS

When the designer selects materials for multilayer insulation,
he endeavors to reduce each of the three possible heat-transfer
modes. Technological advances resulting in more effective radia-
tion-shield materials, low-conductivity spacers, and improved gas-
removal methods promise to improve still further the perform-
ance of multilayer insulations.

Spacers

Multilayer insulations can be classified according to the type
of spacers separating the radiation shields. Four kinds of spac-
ers are discussed below: multiple resistance, point contact, sin-
gle component, and composite.

Multiple-resistancespacers

Two surfaces in contact, when not forced against each other,

present a relatively high resistance to heat flow at the points of
contact. Therefore, a material such as a fibrous mat arranged
with fibers in a parallel array, _n which the heat must pass from
fiber to fiber to reach the next radiation shield, is an effective

spacer (ref. 32). The finer the fibers, the greater the resistance
per unit thickness the mat pres_nLs to the heat flow. Any fibers
that are not in the plane perpen,_ieplar to the heat flow will act
as thermal shorts across the mat.

Glass fibers (as used in glass woo: or glass paper), quartz fi-

bers and plastic fibers (polyester mats and others) are being
used as spacers in multilayer insula_ioas. Fibrous mats are pro-
duced in various thicknesses ranging from 0.003 to 0.030 inch

(75 to 750 microns). Fiber diameters range from 0.5 micron
(2 × 10-_ inch) to several hundred microns.

The thermal performance of mats with fibers not bonded to

each other is better than that of mats with bonded fibers, in
which heat can flow across the bonded c6ntact areas. However,

the tensile strength of unbonded fiber mats is limited, and they
are more difficult to handle. Fibers are either partially bonded
or stitched to make the mat, thus increasing its tensile strength
without greatly decreasing its thermal performance.

Point-contactspacers

Another method of separating neighboring radiation shields is
to place particles along the surface of the shields. If the typical

dimension of the individual particle is small compared to the
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distance between two particles along the shield, then the con-
tacts between the shields can be considered to be point contacts.
The concept is illustrated in figure 23 (ref. 3). In figure 23(a),
small spheres are placed between the shields. The distance from
sphere to sphere is selected to be a maximum, with the upper
limit determined by sagging of the shields that causes direct
contact between the shields. In figure 23(b), point contacts be-

tween neighboring radiation shields are provided by embossing
the spacer material.

Unattached spheres are impractical because the spheres will
not maintain their positions. A grid of spheres may be approxi-
mated by a screen (fig. 23(c)), whose crossover points (knots)
are spheres formed of a thread that is only half the thickness
of the knot and that does not contact both radiation shields but

keeps the spheres in position. Several insulations have been de-
veloped using screens made of nylon, silk, and vinyl-coated fiber
glass as spacers. The thickness of the screens ranges from 0.003
to 0.025 inch (75 to 600 microns). Screen mesh sizes ranging

from ¼6 to 1/_ inch have been investigated. Screens are dimen-
sionally stable spacer material with tensile strength sufficient
to simplify application. An additional benefit is derived from the
open structure of a screen; that is, the evacuation of gas from

a multilayer insulation with a screen spacer is greatly eased.

,////_ Radiation Shields
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FIGURE 23.--Examples of point-contact spacers: (a)
Spheres between shields; (b) point contacts be-

tween shields; (c) screen between shields.
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Single-componentmultilayerinsulations

Radiation shields can be spaced from each other without using

any spacer material. Embossing or crinkling the shields produces
random small area contacts that create contact resistances high
enough to reduce conductive heat transfer to a value comparable
to the amount of heat transferred by radiation through the same
assembly of radiation shields.

This method of spacing can only be used with radiation shields
of low conductivity such as thin sheets of polyester film (0.00025-

inch (6.3-micron) thickness) with a metal coating on only one
side (ref. 33).

Compositespacers

A detailed investigation (ref. 34) of the thermal behavior of
multilayer insulation under compressive loads typically applied
to an insulation during installation led to a concept of a spacer
consisting of two or more materials. Each material is selected to

perform a specific function. A composite spacer may consist of
a very light, dimensionally stable, thin material of tensile prop-
erties that will permit easy application of the insulation. The

thermal properties of this material are not of primary impor-
tance, because it is used only as a "carrier" to which a material
of desired thermal properties is attached. The second material
is not required to have any specific tensile strength or dimen-
sional stability but only acceptable thermal properties. This con-

cept permits a designer to select materials best suited to specific
functions and the desired performance for the complete assembly.

Spacermaterials

Table 2 lists typical materials that can be used as spacers for

multilayer insulations. Depending on the requi,red performance,
one or more layers of the spacer material may be applied be-
tween each two neighboring radiation shields.

The selection of a spacer material is guided by the following
criteria:

• Insulation effectiveness in operating environment
• System weight
• Thickness limitation

• Method of attachment

• Number, size, and shape of penetrations
• Assembly procedures

• Preoperational storage and shipping conditions
• Cost effectiveness
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TABLE 2.--Comparison of Typical Spacer Materials

45

I't t'ltt lt

Spacer material

Foam .......................

Glass paper ..................

Crinkled polyester film ........
Glass fabric .................

Silk screen ..................

Nylon screen .................

Vinyl-coated fiber-glass screen_.

Thickness,
in.

O. 020

.08•04
•00025

.0015

•003

.007

•020

Weight per area

lb/ft_
(XIO -3) g/m s

3.3 16

10.9 53

6.1 30

1.5 7.3

3.8 19

1.2 5.9

2.7 13

15.4 75

Dimen-
sional

stability

Good

Fair

Fair

Poor

Very poor
Good

Good

Exeellent

Tensile
strength

iPoor

Poor

Poor

Excellent

Poor

Good

Good

Excellent

w

To reduce the weight of the spacer, the material may be per-
forated, as long as the perforation is consistent with the con-

duction heat transfer limitations. Reducing the load-carrying
areas of the spacer materials requires that the remaining areas
carry increased compressive loads. A balance between the de-
sire to reduce weight and the capability of the spacer material
to carry loads without suffering a substantial increase in heat

transfer has to be established for each spacer material. Multi-
layer insulations with composite spacers designed to carry loads
and to withstand the operational environment are shown in
figures 24, 25, and 26.

P Radiation Shields

The primary requirement for a radiation shield is that it ex-

hibit a low emittance. Silver, aluminum, and gold are low-emit-
tance materials that can be used either as coatings for radiation
shields or to form thin foils. A comparison of the emittance of
metal-coated films is shown in figure 27. Aluminum and alumi-
num-coated plastic films are most frequently selected for the
radiation shields because: (1) the emissivity of aluminum is
only slightly higher than that of clean silver; but, whereas silver

tarnishes in air, aluminum forms a very thin layer of aluminum
oxide which prevents further degradation of the surface; and (2)
aluminum is inexpensive and readily available in various thick-
nesses of foil and as a coating on a variety of metallic and
nonmetallic surfaces.
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46 THERMAL INSULATION SYSTEMS

FIGURE 24.--Foam strips cemented on silk-screen carrier.

FIGURE 25.--Multilayer insulation with composite material

spacer (glass-paper disks on silk-screencarrier). r.

w_-- v- • T _ .

FIGURE 26.--Multilayer insulation with composite foam spacer.
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M ETAL COATING

( Thickness of 1000 ._ )

Silver

Copper

/Protected with_

Silver _ 150 ._ SIO

Gold

Aluminum

P

I

{

I t
.01 .02

Surface Emittance

at 443 ° R (308 ° K)

FIaURE 27.--Emittance of metal-coated films.
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In applications where weight is at a premium, 0.00025- and
0.0005-inch-thick (6 to 12 microns) aluminum foils are used
for radiation shields even though these foils have very little ten-
sile strength and are difficult to handle. Heavier foils (0.001 to
0.005 inch (25 to 125 microns)) find only a lim/_ted application

where the weight is of secondary importance to: (1) ease of
handling, (2) tendency not to bridge between the support points,

and (3) maintenance of a given structural shape.
Use of 0.00025-/co 0.0005-inch-thick metal-coated plastic films

results in a further reduction in weight (plastic films are approx-

imately one-half the weight of aluminum foils of equivalent
thickness). In addition to the weight saving, 0.00025-inch-thick
polyester film offers a tear strength far superior to that of even
0.0005-inch-thick aluminum foil. Most polyester films, however,
are limited to operating temperatures below 300 ° F (150 ° C),
the point at which the film begins to deteriorate (although poly-
imide film can withstand temperatures as high as 750 ° F
(400 ° C)). Aluminum foils can be used in temperatures up to
1000 ° F (540 ° C) (ref. 7).

The plastic film can be coated with metal on one or both sides,
depending on the application. Single-component multilayer in-

sulations (ch. 4, p. 42) are normally coated on one side to pre-
vent metal-to-metal contact between two neighboring radiation
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48 THERMAL INSULATION SYSTEMS

shields. The emittance of an uncoated side is higher than that

of a coated side (approximately 0.35 for 0.00025-inch-thick film).
More radiation shields are required to reduce the radiation heat

transfer to the level that can be achieved by coating both sides.
Tests have shown that metal coatings less than 500 _ thick

are transparent to the radiation, while reflective properties of
coatings more than 1000 /_ thick change very little with the
coating thickness. (See fig. 28.) Because of the present state
of the art, metal is coated over the plastic film by deposition of
a vaporized pure metal in a vacuum. The process produces a
clean, uniform, highly reflective metal layer over the film.

Aluminum vaporizes at a lower temperature than gold, mak-
ing the aluminum deposition process easier to control. Plastic

films with an aluminum deposit have been used for decorative
purposes in industry for many years. As a result, aluminum-

coated films are less expensive and of a better average quality
than gold- or silver-coated films. (The amount of metal used in
the depcsition process is small so that the cost of gold causes
only a negligible increase in the price of the gold-coated film
over that of aluminum-coated film.)

Checks of the thickness of metal deposits can be made by one
of the methods described in references 7 and 9. Two simple
checks used for quality control are the measurement of electrical

resistance and the weight of the deposited metal. (The weight
of the deposited metal is determined by weighing the metal-
coated plastic film before and after removal of the metal coat-
ing by a solvent.)

• O8
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e, .04
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1500 _ 2500lO00

Coating Thickness, Angstroms

FIGURE 28.--Emittance of polyester film coated with silver. (Silver coating
was produced in 18-in. vacuum jar.)
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Typical Performance of Multilayer Insulation

Table 3 shows various combinations of spacers and radiation
shields that have been tested and reported in references 4, 7, 9,
15, and 34-38.

The table summarizes the performance of several multilayer
insulations at zero compressive loads and at loads of 15 psi. The
insulations were tested between room temperature and the tem-
perature of a boiling cryogen (liquid nitrogen or liquid hydro-
gen). To obtain the best possible performance, the tests were

performed under carefully controlled conditions.

The performance of any given insulation in an actual installa-
tion will be greatly affected by the following variables:

• Applied compressive load
• Number of shields used in the sample
• Kind of gas filling the insulation and its pressure
• Size and number of perforations in the insulation to permit

outgassing
• Temperatures of the warm and cold boundaries

EfFects of compressive loads

Compressive loads, either those caused by atmospheric pres-
sure, when a flexible outer skin is used to contain the insulation

and permit evacuation, or those developed during application of
multilayer insulations, reduce overall insulating effectiveness.
Even if the compression by the weight of the upper layers on the

lower layers is disregarded, external forces (e.g., tension applied
during wrapping of a multilayer insulation around a cylindrical
object, thermal expansion or contraction of the insulation com-
ponents with respect to the object, and localized loads in the

vicinity of the object's supports) can compress the insulation.
These compressive loads may be in the range from 0.01 to 1 psi

(0.0048 to 0.48 g/cm'). Figure 29 shows the effects of com-
pression on the heat flux through 16 different multilayer insula-
tions. When compression up to 2 psi (0.96 g/cm 2) is applied, the
heat flux for the majority of the insulations is about 200 times
greater than at the no-load condition. As shown in figure 30,
plots of the heat flux (characteristic also of the apparent ther-
mal conductivity) versus compressive load on a logarithmic scale
fall on straight lines with a slope between 0.5 and 0.6"/.

EfFects of number of radiation shields

In theory, the heat flux passing through an uncompressed sam-

ple of the multilayer insulation is inversely proportional to the

\
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• Increasing compression,

O Decreasing compression.

Material

I146--H19 Tempered aluminum

Nylon netting

Aluminized (both sides) polyester
Glass fabric

Aluminized (both sides) polyester

Silk netting

Aluminized (both sides) polyester

2 Ib/It 3 polyurethane Ioem

Aluminized (both sides) polyester

Silk netting with 0. 004-im by 0.5-in. strips of glass mat

Aluminized (both sides) polyester

Silk netting with O. 008-in. by O. 25-in. strips of glass mat

100

FIGURE 30.--Effect of external compression on the heat flux through multi-
layer insulations.

sample thickness (i.e., number of shields), and, therefore, its
thermal conductivity can be evaluated. Figure 31 shows that in

the first approximation the heat flux is indeed inversely pro-
portional to the number of shields. However, the experimentally
obtained heat-flux data for a sample with 40 shields are some-

what higher than predicted from the 5-shield sample data. In
figure 31, the solid line which passes through 2 experimental
points for 5- and 10-shield samples predicts heat fluxes for 20-

and 40-shield samples lower than were actually observed. This
discrepancy may be explained by the compression exerted by
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g% t% gth gt g% a A

-_ 0.4

Warm-Plate Temperature: 41 _ F (280: K)e :0.3

1.0 Temp_'rature: -423 F120 C K)_:0.9
-- 0.3

0.8

¢" 0.6 -- 0.2

04- Th.....ca,C.... %o
" _ _coated = 0.045

= k'uncoated - 0.36 0.i

._ o.os _

0.2 0.06

O

C = emittance _ 0.04

O.l I , I , I I I I I I I I 1 , I%, I' I , I ."
4 5 6 7 8 9 ,0 15 20 30 40 50 60 80 100

Number of Radiation Shields

FIGURE 31.--Effect of number of radiation shields on net heat flux.

(Radiation shields: crinkled aluminum polyester film. Spacers:

1A. by 1A.in. mesh vinyl-coated fiber-glass screen.)

the weight of the upper layers on the lower layers of the sample,
which may cause the lower layers to perform less efficiently than
the upper layers. If an accurate estimate of the heat flux is re-
quired, a correction factor for the effect of compression (ch. 4,
p. 42) must be applied.

Effects of type of gas and gas pressure

The effects of a gas and its pressure on the performance of

insulations have ,heen studied by many investigators (refs. 9, 15,
36, 39-41). The presence of residual gas inside fibrous and pow-
der insulations decreases the thermal performance of a system.
Gases of high thermal conductivity (e.g., helium or hydrogen)
cause more rapid performance deterioration than gases with low

conductivity (e.g., nitrogen or air). These effects are even
more pronounced for a multilayer insulation. The effect of gas
pressure on the thermal conductivity of several multilayer insu-
lations is shown in figure 32. For comparison purposes, data for

one fibrous insulation (glass wool in air) are plotted in the same
figure.

The thermal conductivity relates to gas pressure by an S-
shaped curve. However, the effect of pressure on performance of
multilayer insulations is 2 magnitudes larger than the effect of
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Note: d distance between confining surfaces

a = accommodation coefficient (dimensionless)

1.0

Crinkled, Aluminized

Polyester in Air

Aluminized Polyester

and Foam in Helium

b....-"Q

I 5 lb/ft 3 Glass

Wool in Air

0°1

Theoretical

d : 0.030 in.

a=0.4

0.01

Shields and'

Glass Wool in Air

Aluminum and Fiber Glass

in Helium

Tcold : -423 ¢ F 120 _ N)

empered Aluminum and Vinyl-Goate
Fiber-Glass 5c reen in I-tel_um

Tcold : - _.20 F (7T: N)

0.001

Theoretic.l Curve

d : 00{,1 tt;

a: 0.4

0.0001 0.0001

10"6 10 -5 10 "4 10 -3 10 -2 10 -1 1 10 102 103 104

Gas Pressure, torr

FIGURE32.--Effect of gas pressure on thermal conductivity.

_9

pressure on powder or fibers (i.e., the performance of a multi-

layer insulation is 100 times higher than that of a powder, but

a prezsure 100 times lower is required to reach it). At pressures

below 10 -° torr, the heat transferred by a gas is directly propor-

tional to the gas pressure. However, the heat conducted by a gas

at that pressure is only a small portion of the total heat trans-

ferred through the insulation; therefore, the apparent thermal

conductivity of the multilayer insulation decreases only slowly.
at pressures below 10 -_ torr.

At pressures of 10--5 to 10 -_ torr, the mean free path of the

gas molecules approaches the distance between the solid particles
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of the insulation. Beginning at these pressures, the apparent ther-

mal conductivity of the insulation rapidly increases. For this
reason the multilayer insulation must be maintained at a pres-
sure below 10-" torr or it will not provide the desired insulation

effectiveness.
When the gas pressure reaches atmospheric pressure, the heat

conducted by the gas becomes the dominant mode of heat trans-
fer. For a warm boundary at room temperature, the radiation
component becomes small in comparison to the gas conduction
component. Therefore, the apparent thermal conductivity of a mul-

tilayer insulation approaches the conductivity of the interstitial
gas. After atmospheric pressure has been reached, the conduc-
tivity of the gas remains nearly constant and independent of the
pressure, as does the apparent thermal conductivity of a multi-
layer insulation.

Effects of perforations

To assure that multilayer insulations will operate at the de-
sired low pressure, the interstitial gas has to be evacuated
through the edges of the insulation. For an insulation with 100

shields per inch and spacers that effectively occupy 90 percent
of the spaces between the shields, the maximum outgassing rate
corresponds to the removal of one monomolecular layer from all
exposed insulation surfaces every 2 weeks (ref. 41). Because
much higher outgassing rates are likely to be encountered after
the radiation shields and spacers have been exposed to atmos-

pheric gases during manufacture, edg6 pumping by itself will
not be adequate to insure a low pressure within the insulation
within a reasonable time.

Another difficulty with edge pumping is that, at the exposed
edges, the innermost radiation shields have to be brought into
contact with a warmer outside boundary. This contact may per-
mit radiation to bypass most of the shields and penetrate almost
directly to the insulated object.

Broadside pumping of a multilayer insulation is made possible
by perforating the radiation shields. If the perforations com-
prise 10 percent of the area of the shields, broadside pumping
will increase the outgassing rate by 3 orders of magnitude as
compared to edge pumping and will produce a satisfactory low
pressure in a short time. However, perforation of the radiation
shields will lead to an increase in their effective emittance; if

an unperforated shield has an emittance of 0.05, perforating 10

percent of the shield area will increase the emittance to 0.25.

b nnnnnaA

"\

F



58 THERMAL INSULATION SYSTEMS

f 1°1.2 Sample: /Tempered-Aluminum Radiation Shields

and Vinyl-Coated Fiber-Glass Screen

1.1 /

1.0 O

0.3

0.9--

._"_ 0.8 i i _

0.7

_ 0.2 '_

0.5
_r

0.3 0.1

0.2

Theoretical Boundary for Large Holes

0.1

i I I I I I l I I I I I I o

I 2 3 4 S 6 7 8 9 10 11 12 13

Amount of Open Area of Radiation Shields, Percent

FIGURE 33.--Effect of perforations on heat flux. (Hole diameter: _e in.,

% in., and i_ in.)
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Thus, a compromise must be reached between a sufficiently high
pumping speed and a reduction in insulating effectiveness.

For the same amount of open area, optimum pumping and out-
gassing efficiency is obtained with many small holes rather than

a few large holes (ref. 41). However, small holes cause a higher
heat flux, as is observed from figure 33 .which shows two theo-

retical limits, one for extremely small holes, the other for large
holes. Experimental data for holes _6, 1/8, and 1/_ inch in diameter
fall as expected within these limits.

Figure 34 sho_-s that perforations have a smaller effect on an
insulation with crinkled, aluminized polyester shields than on
one with aluminum shields, presumably because the crinkles in-
troduce a more random distribution of the holes.

ERects of the boundary temperature

Table 4 and figure 35 illustrate the effect of the warm- and cold-

boundary temperatures on the heat flux through multilayer in-
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(10) Tempered-Aluminum Radiation Shi_,lds and

(ll) l/8-in, by l/8-in Vinyl-Coated Fiber-Glass j

Screen Radiation Shields Perlorated with Holes/
1/8 in, in Diameter /

Tcold : -3200 F {77 _ K) _'_

(20) Crinkled, Aluminized Polyester Film

Radiation Shields Perforated with Holes 128 in.

in Diameter

Tcold = -4Z3 ° F (20 _ K)

0.14

0.12

0.10

0.06

0,04

0.02
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0 0

0 1 2 3 4 5

Amount Open Area, Percent

F]CURz 34.--Effect of perforations on the heat flux through
a multilayer insulation.

sulations. Table 4 gives the heat flux through various insula-
tions for which the cold-boundary temperature was changed from
-320 ° to -°423 ° F (77 ° to 20 ° K). The heat flux through each
sample is approximately the same for both temperature levels.

Figure 35 shows heat-flux versus warm-boundary temperature
for 10 tempered aluminum shields spaced with 11 vinyl-coated
fiber-glass-screen spacers. For larg_ temperature differentials, heat

flux is directly proportional to the fourth power of the warm-
boundary temperature.

The two curves of figure 36 show the apparent thermal con-
ductivity versus warm-boundary temperature calculated from the
heat flux data. The one that represents a cold-boundary temper-
ature of -423 ° F (20 ° K) indicates a lower thermal conductivity
than the one representing a cold-boundary temperature of
-320 ° F (77 ° K). Thus, when the warm-boundary temperature
is held constant, a higher thermal conductivity results from in-
creasing the cold-boundary temperature.

Apparent thermal conductivity is approximabely proportional
to the third power of the warm-boundary temperature, as shown
in figure 37, where the third power of the warm-boundary tem-
perature is matched with experimental results for a multilayer
insulation with crinkled, aluminized polyester film radiation
shields.
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FIouRE 85.--Effect of warm-boundary temperature on heat flux through

a rnultilayer insulation.
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FIGURE 36.--Effect of boundary temperature on the mean

apparent thermal conductivity of a multilayer insulation.
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Organic and inorganic foams are commonly used as insulating
materials in industrial and construction applications. Became
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FIGURB 37.--Effect of boundary temperature on thermal conductivity of

crinkled, aluminized polyester film.

such foams have many advantages for cryogenic and space-

vehicle applications, efforts have been made to develop suitable

foam formulations; establish the physical, chemical, and struc-

tural properties of foams; and integrate foams with thermal in-

sulation systems. Having a cellular structure of discrete or inter-

connected voids, the foams provide effective insulation. Inorganic

foams are used primarily at elevated temperatures. (See ch. 4.)

Inorganic foams are difficult to produce in densities of 1 to 5

lb/ft' (0.016 to 0.08 g/cm') and generally have inferior phys-

ical properties at these low densities. Organic foams can be

readily made in this low-density range and exhibit good physical

properties. For many insulation applications, low-density organic

foams offer certain advantages, which include:
@ Ease of fabrication

• Relatively low cost

• Self-supporting structure
Foams can be used either as a single insulation or combined with

other materials to form a thermal insulation system. Like plas-

tics, organic polymer foams can be divided into two basic clas-

sifications.
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Thermoplastic foams

Thermoplastic foams soften at temperatures of 150 ° to 250 ° F
(6_5° to 120 ° C), and, in most cases, tend to become brittle at

cryogenic temperatures. Thermoplastic foams can be made from
such polymers as cellulose acetate, polystyrene, styrene-acryloni-
trile copolymer, polyvinyl chloride, polyethylene, and polypropyl-
ene. Of these foams, polystyrene and polyvinyl chloride are by
far the most common.

Polystyrene foams can be subdivided into two basic types:
molded expandable beads and extruded foam. Limited use has

been made of polystyrene foams in cryogenic insulation applica-
tions; their utility is limited by low-temperature embrittlement
and inability to withstand extreme thermal cycling. Until re-
cently, most polyvinyl chloride foams were flexible formulations,
which also suffer from severe low-temperature embrittlement.

Recently, rigid polyvinyl chloride foams of high density have
become commercially available, and they are used for insulation
and structural support of tanks for transporting liquefied pe-
troleum gas.

Thermosetting foams

Among the thermosetting polymers, foams are commonly made
with phenolic, urea-formaldehyde, epoxy, and polyurethane resins.
Urea-formaldehyde foams are brittle and do not have good struc-
tural properties at low densities. At low densities the phenolic
resin foams tend to be brittle and friable at room temperature
and are difficult to fabricate because the formation of the foam

requires the use of a strong acid catalyst and highly volatile,

flammable blowing agents. Epoxy foams have had only limited
use because of the difficulties in satisfactorily controlling the
foaming. They also exhibit only fair physical properties and are
relatively expensive.

Among the thermosetting foams, polyurethanes are by far the
most widely used in industrial and building applications and in
cryogenic insulation. Urethane foams are made by the reaction
of two liquid chemical compounds containing two or more iso-

cyanate groups with another compound, called a polyol, which
contains two or more hydroxyl groups. The formulation contains
small amounts of other additives to expand the mixture, catalyze
the reaction, and control cell structure. The foam may be either
a one-shot type, in which the polyol-plus additives are added
directly to the isocyanate to produce the foam, or it may be a
prepolymer type, in which the isocyanate is first reacted with a

portion of the polyol and then more polyol and other additives
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are added to the prepolymer to make the foam and complete

the curing reaction.

Polyurethane foams can use either of two types of foaming

techniques:

• The isocyanate groups will react with water to produce car-
bon dioxide. If water is included in the polyol side of the formu-

lation and the proper adjustment of quantity of isocyanate is
made, the carbon dioxide generated by the reaction of water with

isocyanate when the two components are mixed will produce a
foam from a liquid mix. Following foaming, the polyol and iso-
cyanate will continue to react to cure the foam. These types of
foams exhibit better high-temperature physical properties than

foams blown with other gases.
• The foaming technique that is more commonly used is fluo-

rocarbon blowing; a fluorocarbon liquid, which will boil slightly
above ambient temperature (usually about 75 ° F (24 ° C)), is
added to the polyol side of the foam formulation. When the com-

ponents are mixed, the curing reaction liberates heat which raises
the temperature of the liquid mix above the boiling point of the
fluorocarbon which then vaporizes to foam mixture. Most poly-
urethane foams of either the carbon dioxide-blown or fluorocar-

bon-blown type cure relatively quickly. The foaming occurs within
1 to 3 minutes after the components are mixed, and curing pro-
ceeds to a tack-free surface within 5 to 15 minutes. The fluoro-
carbon-blown foams have become much more common than the
carbon dioxide-blown foams because the fluorocarbon system pro-
vides better control of the foaming reaction and foam structure
and lower thermal conductivity in the foam. This lower conduc-

tivity results directly from the lower conductivity of fluorocar-
bon in the foam cells in comparison with carbon dioxide.

Depending on the chemical composition of the starting isocy-
anate and polyol, the physical properties of polyurethanes can
vary from very soft and flexible cushioning materials to hard,
rigid foams. Two basic types of polyols are used: polyesters and
polyethers. Depending on the type of polyol, the resulting product

may be called either a polyester foam or a polyether foam.
Polyurethanes, in general, and some of the semirigid formula-

tions, in particular, have very good properties at cryogenic tem-
peratures with a minimum tendency to become brittle.

Intermediatefoam

One other type of polymer foam is tetrafluoroethylene (TFE),
an intermediate between a thermosetting and a thermoplastic
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foam, which melts at very high temperatures and has very good
physical properties at cryogenic temperatures. In addition, TFE's
extreme chemical inertness makes it resistant to the effects of

liquid oxygen, hydrazine, and other chemically reactive rocket
fuels. Tetrafluoroethylene foam has found limited use; that is,
as thermal insulation and a resilient mounting pad in space
applications.

Application of Foam

Techniques to reduce the effects of thermal expansion and contraction

In the selection of foams and the design of an insulation sys-
tem, one has to take into account the variation in the thermal

expansion coefficient of various polyurethane foams, depending
on the particular formulation; but, in general, the thermal ex-
pansion coefficient of such foams is 2 to 5 times that of aluminum

and 4 to 10 times that of steel. The foam insulation must be de-

signed to accommodate this difference in thermal expansion co-
efficients between the foam and the surface of the metal cryo-
genic tanks. The foam cannot be foamed in place against the
metal or bonded directly to it because, during chilldown from am-
bient temperature to cryogenic temperatures, the contraction of
the foam adjacent to the surface of a metal tank will be sub-

stantially higher than the contraction of the metal. As a result,
high stresses will be created in the foam and it will fail either
in shear along the tank surface or in tension in a direction

normal to the tank surface. This problem was recognized early
in the development of cryogenic insulation systems (ref. 42).

A sprayed foam insulation was applied to a cryogenic tank,
but on the first cooldown the insulation developed radial and lon-

gitudinal cracks which tended to propagate during subsequent
thermal shocks. Large cracks were patched with a flexible foam
and covered with a tape as a vapor barrier. The foam sheared
from the tank surface, so that metal bands had to be used to
secure it in place.

Various techniques for overcoming the effects of thermal con-
traction on chilldown have been developed. In connection with an
investigation of multilayer insulation systems, a number of dif-
ferent prepolymer foams were foamed in place against a metal
plate (ref. 30). The foam thickness was about 1/_ inch. After the
foam had cured, the plate was first chilled with liquid nitrogen
and then the entire assembly was immersed in liquid nitrogen.
Although there were differences in the amount of cracking that
occurred, all of the foams failed in this test: the foam either
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sheared from the metal plate or tensile failure produced cracks

through the foam normal to the metal plate.
To overcome this difficulty, chopped glass fibers, 1/_ to 1/,2 inch

long, were added to a low-viscosity one-shot foam mix to rein-
force the foam. Additions of 5 percent fiber by weight (based on

the weight of foam) reduced the amount of cracking on exposure
to liquid nitrogen, but some cracking still occurred. With a 7-1/2-
percent fiber addition, very slight cracking occurred, and at a

10-percent addition no cracking occurred. In further tests of the
durability of the 10-percent reinforced foam, a strip 1 inch wide

by 10 inches long with 1/.a inch of foam on it was immersed in
liquid helium with no failure. Similarly, several samples were
prepared and immersed in liquid hydrogen with no failures.

In work on the Saturn S-IV stage, where an internal insula-

tion system was developed for the liquid-hydrogen propellant
tank, a technique for reinforcing the urethane foam with threads
(called 3D foam) was used to prevent foam failure and separa-
tion of foam panels or fragments from the tank wall and result-
ant heat leaks and possible clogging of fuel lines (ref. 43).

Techniquesto reducefire and explosionhazards

Reinforcing and sealing a foam on the interior of a liquid-
hydrogen tank reduces the potential hazard caused by external
sources. The more common approach, however, is to apply foam
to the exterior of the tank. When external foam insulation is

used, atmospheric gases can condense on the cold tank surface.

This effect can be used advantageously in foamed insulation to
achieve a low thermal conductivity. When gases in the foam con-
dense, a vacuum is created in the closed cells of the foam. How-
ever, if there pis any diffusion of air into the foam, the amount
of condensed air can increase inside each of the cells. The con-

densed air will be oxygen rich; in conjunction with an oxidiz-
able organic foam, this oxygen-enriched liquid air can create an

explosion hazard. The combination of oxygen-enriched liquid air
and an oxidizable organic material is a hazard even if the foam

is of the flame-retardant type.
The hazards of fire and explosion associated with a foam insu-

lation system have been recognized. Various mixtures of liquid

oxygen and liquid nitrogen in combination with organic insula-

tion containing foam were investigated to determine whether
there was indeed a fire or explosion hazard in the event of im-

pact or shock (ref. 44). In this investigation, small test tanks,
with an insulation similar to that proposed for the Saturn S-II
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stage, were filled with liquid hydrogen, stored for various lengths
of time, and then subjected to impact. The results of these tests

confirmed that catastrophic failures could occur when the liquid
oxygen percentage in a liquid oxygen-liquid nitrogen mixture
exceeds 30 percent, but the findings suggested that the proba-
bility of such a failure was very low.

Additional tests were conducted to evaluate the explosion and
fire hazards of insulation in contact with oxygen-rich slurries
and liquid and solid air (ref. 45). In these tests one flat alumi-
num tank was protected with 0.8-inch-thick and another with

1.6-inch-thick composite sealed insulation. The insulation con-

sisted of fiber-glass phenolic honeycomb filled with polyurethane
foam of 2 lb/fff (0.032 g/cm 3) density with the surface sealed
with a reinforced-plastic surface layer and a vapor barrier of
polyvinyl fluoride. The entire assembly was bonded together and
bonded to the tank. There was no provision for purging the insu-
lation with helium.

In the tests, each tank was filled with liquid hydrogen and

allowed to cryopump for 2 hours. The tanks were then impacted
6 times with 22-caliber cartridges having a muzzle energy of 38.8
lb-ft (53.8 kg-m) from a distance of 20 feet. There was no sign
of any explosion or ignition. With these holes in the insulation,
the tanks were exposed to the atmosphere for an additional 4
hours while filled with liquid hydrogen and then 6 more shots

were fired. Again, there was no sign of ignition or explosion.
The insulated tanks were again kept full and exposed to air for
an additional 6 hours (12 hours' total exposure). Following the
13th shot at the tank with the 0.8-inch-thick insulation, damage
to the insulation made it impossible to refill the tank with liquid

hydrogen. The tank was therefore allowed to warm up gradually,
and the muzzle energies of the shots were gradually increased
from 38.8 to 47.7, 68.3, and 77 lb-ft (53.8 to 66.0, 94.2, and 106
kg-m) and, finally, on the 20th shot to 112 lb-ft (154 kg-m). At

this point a reaction was observed. At the point of impact the
insulation ignited and burning was sustained for approximately
5 seconds. A total of 24 shots was fired at the tank with the

1.6-inch insulation. During the last 12 shots, the vent temperature

was gradually allowed to increase and during the last 6 shots

the muzzle energy was increased from 38.8 to 112 lb-ft (53.8

to 154 kg-m). On none of these impacts was there any sign of
ignition or explosion. These tests again indicated that catas-

trophic failure is possible, but that this possibility is extremely

remote in a well-designed foam insulation system.
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68 THERMAL INSULATION SYSTEMS

As developments have proceeded, additional techniques for in-
creasing insulation effectiveness and reducing explosion hazards
have been employed•

InsulationSystem for Centaur

In the early Centaur liquid-hydrogen tank insulation system,
insulating panels were mechanically clamped to the surface of
the tank, and a helium purge space was left between the tank
and the insulations (ref. 43). This insulation had to be jetti-
soned on stage ignition• Mechanical problems connected with this
system proved extremely difficult to overcome. An alternative
insulation system was developed in which a thin film of foam
was applied to the tank and then overwound with filaments of

fiber glass to provide the necessary compressive stress to over-
come a tendency of the foam to crack and the effects of aerody-
namic heating and vibration during boost (ref. 43). Other tech-
niques that have been investigated involve formation of channels
in the foam or a matrix holding the foam so that the insulation
can be evacuated and/or purged with helium (ref. 46). Although

there is a basic disadvantage in using helium because of its high
thermal conductivity, it is a positive means of overcoming fire
and explosion hazards. In addition, helium facilitates the jetti-
soning of insulation panels from a space-vehicle cryogenic tank
wall by preventing possible freezing of atmospheric constituents
between the tank wall and the insulation.

InsulationSystemfor SaturnS-1C

The Saturn S-1C first stage involved formulation of a rigid
urethane foa_ of a density of 3 to 4 lb/ft' (0.048 to 0.064

g/cm') to meet specific compression requirements and which
could be fabricated in large, sing'.e-pour castings 2 ft by 5 ft by
6 ft (ref. 47). A foam that could meet this large pour require-
ment was developed. It had a creep of 4._5 percent on completion
of three 1-hour load cycles at 60 psi (4.1 kg/cm'), ten 1/2-hour
load cycles at 55 psi (3.7 kg/cm'), and extended continuous load-
ing at 15 psi (1 kg/cm'). The large foam blocks were X-rayed
to assure satisfactory internal quality and uniformity through-

out. Sixteen 2-1fi2-ft by 5-1_-ft by 6-1/2-ft rough blocks were pro-
duced. Each block required 420 pounds of raw materials mix; the
batch was mixed in several containers of 210 pounds each. The

components were mixed for 130 seconds and immediately poured

into the mold.
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To improve the cell structure in the foamed blocks, the layer
of polyethylene film was placed over the liquid foam mix as soon
as the foam was placed in the mold. A piece of s/_-inch plywood

laid on the polyethylene film was forced up during the foam
rise to the top of the 30-inch-deep mold. This technique resulted
in greater uniformity of foam structure. The technique was rec-
ommended for making foams with more uniform cell structure

and resultant improved physical properties.
Techniques and formulations were also developed for repairing

damaged foam blocks. The techniques involve cutting away
crushed cells in the damaged area and any loose foam pieces and
then applying a patching compound together with necessary
dams or retainers. To avoid enlargements of cracks due to in-

ternal pressure of the expanding and curing foam patch, strict
limitations were placed on the patch size and the amount of ma-
terial to be used with a specific formulation.

Physical Properties

Structural properties

The physical properties of various foams were evaluated at

temperatures down to liquid-hydrogen temperature (-423 ° F;
-253 ° C) (refs. 48, 49). In one series of tests, tensile, shear,
and compressive strengths were determined on four foams at

250 °, 77 ° , -320 ° , and -423 ° F (121 ° , 25 ° , -196 ° , and
-253 ° C). In figure 38 the tensile strength of the foam is plotted
against temperatures. These curves show that at --423 ° F, a
urethane foam (A) and epoxy foam (C) had a 62-psi (4.2-kg/cm')
tensile strength. A rigid polyurethane foam (B) had a 2S-psi (1.9-
kg/cm') tensile strength, and a flexible polyether foam (D) had

a 14-psi (0.95-kg/cm') tensile strength. At 70 ° F (21 ° C) the
rigid polyurethane foam (B) had a tensile strength of 74 psi

(5 kg/cm'), the urethane foam (A) just under 70 psi (4.7 kg/

cm'), the epoxy foam (C) 53 psi (3.6 kg/cm'), and the flexible

polyether foam (D) approximately 15 psi (1 kg/cm'). At 250 ° F

(121 ° C) the strength of all of the foams was below 19 psi
(1.3 kg/cm').

The shear strength for the same foams is shown in figure 39

as a function of temperature. The maximum shear strength for

all foams was reached between the two temperature extremes

investigated; it decreased at both of the extremes. Generally, 50
psi (3.4 kg/cm') is considered the necessary minimum compres-

sive strength. At room temperature, the epoxy foam (C) and the
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FIGURE 38.--Tensile strength of foams as a function of temperature.

1"

urethane foam (A) took permanent set of at least 20 percent
at compressions of 49 and 31 psi (3.3 and 2.1 kg/cm_), respec-

tively. The flexible polyether foam (D) bottomed at 25 psi (1.7

kg/cm'). Although not permanently damaged, under such com-

pression it would no longer be useful as insulation. At room tem-

perature the rigid polyurethane foam (B) withstood 50 psi. The

results of the compression tests at -423 ° F (-253 ° C) are
shown in table 5.

Table 5 shows that the flexible polyether foam (D) retained a

degree of resilience even at liquid hydrogen temperature. The

polyurethane foam (B) became brittle and yielded, as did the
urethane foam (A). The epoxy foam (C) had satisfactory prop-

erties at this temperature, although it would not withstand 50

psi at room temperature. These tests generally indicated that

none of the tested foams would be fully satisfactory. The flexible

foams would be t_o compressible to retain their thermal charac-

teristics under pressure loadings typically encountered by in-

ternal insulation; similarly, if they were to be used as external
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FIGURE 39.--Shear strength of foams as a function of temperature.

insulations, the flexible foams would be too compressible to re-
tain these thermal characteristics under most expected surface

loadings. Although most rigid foams lack the necessary strength
at either room or cryogenic temperatures, they are used in some
applications.

TABLE 5.--Load-Compression Strength of Foams at -423°F
(-253 ° c)

Foam

Rigid urethane (A) ........

Yield

psi

28.0

kg/cm=

1.9

Epoxy (C) ....................................

Rigid polyurethane (B) .... 25.0 1.7

Flexible polyether (D) .......................

Set,
percent

Compression

Percent at Percent at

25 psi 50 psi
(1.7 kg/ ('_.-_ kg/

cm _) cm 7)

68.7

2.8

67.4

7.6

4.0

10.9

82.6

30.4

6.8

82._

86.9 \
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Thermal expansion

The thermal expansion properties of various foams are shown

in figure 40. This figure shows that although the epoxy foams

pose problems, they have the lowest thermal expansion coeffi-
cient. It also indicates that all of the foams have reasonably

linear thermal expansion characteristics in the cryogenic range.
The characteristics become nonlinear only at, and above, room

temperature.

Thermal conductivity

Typical thermal conductivity for carbon dioxide-blown ure-
thane foams is about 0.23 Btu-in./hr-fff-°F (0.33 mW/em-

°C). For fluorocarbon-blown foams of approximately 2-pound den-

sity, thermal conductivity is about 0.12 Btu-in./hr-ft'-°F

(0.17 mW/cm-°C). Fluorocarbon-blown foams will maintain

their low thermal conductivity only if the surfaces are sealed

to prevent diffusion of the fluorocarbon out of the cells. In thin
sections the fluorocarbon will diffuse over a period of time, and

the thermal conductivity will gradually rise to about 0.17 Btu-in./

hr-fff-°F (0.25 mW/cm-°C). For polystyrene foams, the room-

temperature thermal conductivity is in the range of 0.23 to 0.26
Btu-in./hr-fff-°F (0.33 to 0.38 mW/cm-°C). The thermal con-
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FIGURE 40.--Linear expansion versus temperature for six foam insulations.
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ductivity of foams can also be estimated from theoretical consid-
erations (ref. 50).

The thermal conductivity of various foams has been measured
over the temperature range of 75 ° to -423 ° F (21 ° to -253 ° C)
(ref. 11). Data were obtained on polystyrene foams, polyurethane
foams, composite insulations of foam-filled honeycomb, and tetra-
fluoroethylene (TFE) sheet materials. These data indicate that
for all of the foams tested the thermal conductivity at liquid-
hydrogen temperatures is in the range of 0.05 to 0.10 Btu-in./hr-
ft_-°F (0.07 to 1.4 mW/cm-°C). As room temperature is ap-
proached, these values increase and differences become more
pronounced. The differences are attributable to the base resin and

in large part to the blowing agent used in making the foam.
At liquid hydrogen temperatures, the gases in the cells liquefy
or solidify, resulting in a partial vacuum in each cell. At this point,
because convection is no longer a mechanism of heat transfer
in the foam, the size and uniformity of the cells become the

critical factors in determining thermal conductivity. In TFE
sheet and TFE-sheet/TFE-foam composite, the reduction in
thermal conductivity achieved through the use of the foam is
pronounced, even though the conductivity is above that of ure-
thane and styrene foams. Measurements were also made on the

thermal conductivity of foams in the presence of helium gas and
of air. At a mean temperature of about -385 ° F (-231 ° C),
the conductivity was in the range of 0.2 to 0.3 Btu-in./hr-ft'
-°F (0.29 to 0.43 mW/cm-°C) in comparison with 0.05 Btu-in./
hr-ft'-°F (0.072 mW/cm-°C) in air. These data point out the
increase in thermal conductivity caused by helium diffusion into
evacuated or sealed insulations. In large space-vehicle insulation
systems, helium purging is done to reduce potential hazards and

to prevent weight increase by atmospheric constituents leaking
into the sealed insulation system and condensing or solidif,ving.

In connection with the use of foams in a space environment,
the combined effects of radiation and cryogenic temperatures on
insulation materials have been investigated (ref. 51).

Powders and Fibers

Desirable Properties

The desirable properties of an evacuated powder or fiber insu-
lation are:

• Low thermal conductivity
• Low density
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74 THERMAL INSULATION SYSTEMS

• Particle size small enough to obtain the pressure-dependent

region of gas conduction in a moderate vacuum
• Distribution of particles by size to minimize effects of shock

and vibration

• Low vapor pressure at the operating temperature

The vapor pressure of the material should be as low as is con-
sistent with the desired moderately low operating pressure. Fur-
thermore, transfer of material in the vapor phase from the
warmer to the cooler portion of an insulation and subsequent
condensation is undesirable because a buildup of deposits be-

tween individual particles could increase the areas of contact.

PowderInsulations

Although mica, diatomaceous earth, carbon, calcium silicate,
titanium dioxide, iron oxide, and plastic microspheres have been
investigated as potential powder insulations; perlite, colloidal

silica, and silica aerogel have been investigated more extensively
(ref. 52).

Expanded perlite is produced from a volcanic glassy rock that
occurs in widely distributed deposits. This rock is ground to a
fine powder and then expanded by heating to above 1500 ° F
(800 ° C). Microscopic voids forming in the expanding, heat-
softened glass cause a porous structure and account for the
expanded perlite's low density. Perlite is available in various

grades containing particles ranging in size from 100 to 1600
microns (4 × 10 -'_ to 6 × 10 -_ in.).

Colloidal silica is a white, fluffy, _dbmicroscopic particulate

silica prepared in a hot gaseous environment (2000 ° F (1100 ° C) )
by the vapor phase hydrolysis of silicon tetrachloride. The aver-
age size of primary particles of colloidal silica ranges between
150 and 200 X.

Silica aerogel is prepared from a gel in which water is re-
placed with an alcohol. The alcohol is subs.equently removed, leav-
ing a skeleton submicroscopic structure which is retained as the

solid is ground to powder. These materials have been mixed with
fine metallic powders or flakes (such as copper and aluminum)
and carbon.

Preheating permits the efficient removal of adsorbed gases
and particularly moisture. After preheating, fine powders are ef-
fective absorbers of reduced residual gases; therefore, their ex-

posure to the atmosphere should be minimized prior to use.
For any given particle shape, a specific packing configuration

will yield a maximum density. For spheres, closest packing occurs
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with a rhombohedral arrangement in which each sphere has 12

points of contact. In actual lattices obtained by prolonged shak-
ing of spherical particles, the voids account for about 39.5 percent
of the volume, characteristic of orthorhombic or eight-point pack-

ing, which yields the highest density that can be practically
achieved.

The choice of particle size to obtain a desired density and to

prevent compaction under a load, particularly when evacuated
powders may be subjected to atmospheric-pressure loading, must
be carefully considered. In double-walled pressure vessels, the
powder has to be vibrated to settle particles to a density suffi-
ciently high to prevent formation of voids in the insulated space
during operation. Filters with extended surfaces, such as per-
forated tubes wrapped with several layers of fine glass fiber, are
required to prevent small particles from clogging evacuation

ports or entering the vacuum pumps.

Fibers

In most thermal insulation applications where vibration and
shock are expected, fibers have distinct advantages. For cryo-
genic applications, submicron-diameter glass fibers have been
widely used. Very similar considerations govern the use of both
powder and fiber insulations. When fibers are used as spacers
for multilayer insulations, to reduce the possibility of outgassing,
they are prepared without any binders or lubricants. Fibers with
low-vapor-pressure binders have been used as supports to space
an inner vessel from an outer shell. To insure that multilayer

insulations interposed between them are not subjected to com-

pressive loads, such supports have been designed to take acceler-
ation loads.

Composite Insulations
The optimum insulation system should combine maximum in-

sulation effectiveness, minimum weight, and ease of fabrication.
It would be desirable to use only one insulation material, but,
since no single insulation material has all the desirable physical
and strength characteristics required in many applications, com-
posite insulations have been developed. These composite insula-

tions represent a compromise between thermal effectiveness, han-
dling properties, and adequate service life (ref. 25). For cryogenic

applications, composite insulations consist of a polyurethane

foam; reinforcement for the foam to provide adequate com-

pressive strength; adhesives for sealing and securing the
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76 THERMAL INSULATION SYSTEMS

foam to a tank; enclosures to prevent damage to the foam from

mechanical contact, vibration, and aerodynamic heating; and

vapor barriers to maintain a separation between the foam and

atmospheric gases.

Honeycomb-Foam Insulation

Several external insulation systems use honeycomb structures.

Phenolic resin-reinforced fiber-glass-cloth honeycomb is most com-

monly used. The honeycomb is b_nded to the tank with a suit-

able seal, and a vapor barrier is applied to the exterior of the

honeycomb (ref. 26). In such a system, the cells in the honey-

comb can be interconnected and evacuated through external

pumping, interconnected and purged with helium, or sealed and

allowed to reach a low pressure within the sealed cells when the

tank is filled with a cryogenic liquid.

Foam-filled honeycomb

The effectiveness of a honeycomb insulation can be consider-

ably improved if its cells are filled with a low-density polyure-

thane foam. Several techniques have been used for preparing

foam-filled honeycomb (ref. 45). For example, the liquid compo-

nents can be foamed in place to fill the honeycomb cells. This
system has not proved effective, however, because of large waste,

nonuniform cell structure in the foam, and nonuniform filling of

the honeycomb cells. The most common method of preparing

foam-filled honeycomb is to press the rigid, phenolic resin-rein-

forced fiber-glass honeycomb into a preformed sheet of low-den-

sity foam. The thin honeycomb walls cleanly cut through the foam

so that it fills each cell. However, the foam is not sealed or

bonded into tl_e cells; it simply lies within them. This lack of

bonding has certain disadvantages because atmospheric gases or

helium can diffuse through the insulation. In this, as in other

honeycomb insulations, the honeycomb provides compressive

strength and allows the insulation to absorb stresses created by

differential expansion between the insulating materials and the

tank during chilldown. A sealed foam-filled system, however, is

not completely reliable. Therefore, a helium-purged, externally

sealed honeycomb system was developed for the Saturn S-II in-

sulation system.

The Saturn S-II insulation system

The S-II booster is the second stage of the Saturn C-5 launch

vehicle. Overall, it is 33 feet in diameter and 85 feet long. The
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liquid-hydrogen tank occupies the largest portion of the second
stage's volume. The total insulated tank area is 6000 ft" exclusive
of the bulkhead which is common to the liquid-hydrogen and

liquid-oxygen tanks. In addition to limiting heat flow during
launch and preload, the insulation was designed to be self-snuff-
ing when ignited, to prevent significant air condensation in the
insulation, and to provide a means for identifying structural
flaws in the tank during fabrication.

The insulation system consists of a foam-filled honeycomb hav-
ing an overall thickness of 1.6 inches on the tank side wall and
0.5 inch on the bulkhead. The foam is a 2.2-1b/ft" (0.035-g/

cm") density open-cell polyurethane which is pressed into the
honeycomb. This composite is bonded to the Lank wall with an
adhesive. The vapor barrier on the warm side of the insulation is
made up of a nylon-phenolic laminate impregnated with a 0.0015-
inch (38.1 microns) seal coating of polyvinyl fluoride, as shown
in figure 41. The cold side of the insulation is grooved to provide
gas flow channels for helium-purging the insulation during pre_

launch and for evacuating the insulation during launch. The
weight of the composite 1.6-inch-thick insulation structure is
about 0.85 lb/ft' (4.15 kg/m").

The cyli_'drical section of the tank is made up of quadrant
sections 27 feet by about 9-feet high which are welded into rings.
The rings are welded together vertically. The insulation slab is
applied to the quadrant sections except at the panel edges, where
it is recessed from the weld areas to permit clearance for the
weld tools and separation from the heat-affected zone. After the
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FIGURE 41.--Saturn S-II basic insulation configuration.
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tank fabrication and hydrostatic tests are complete, the gaps be-

tween insulation panels are filled with foam sections and bonded

over with room-temperature-curing adhesives. The manufactur-

ing process is depicted in figure 42.

Results of full-scale tests of the insulation system have not

yet been reported; the available performance data have been ob-

tained in subscale tests. These tests included a _/_s-scale tank and
a guarded tank. Thermal conductivity values between 0.6 and

0.75 Btu-in./hr-ft'-°F (0.86 and 1.1 mW/cm-°C) were ob-

tained for the helium-purged insulation at a mean temperature of

-200 ° F (--129 ° C). A comparison of the results is presented

in figure 43. The measured foam conductivities are comparable
to the thermal conductivity of helium.

Evaluation of purged honeycomb-foam insulation indicated

that the foam was not fully effective because in reducing ther-
mal conductivity the composite insulation rapidly reached the

thermal conductivity of the helium purge gas (ref. 45). To im-

prove the insulation effectiveness, the foam was cut to the proper

size by pressing it into a slice of honeycomb. The foam was then

punched out and each piece of foam was sealed with a polyure-

thane resin and reinserted into the honeycomb cell. However, the

L_ v

FmURE 42.--Saturn S-II insulation system manufacturing process.
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FIGURE 43.--Thermal conductivity of helium-purged insulation

(1.5-in.-thiek insulation).

thermal conductivity of the insulation containing the individually
coated foam pieces was the same as if the pieces had not been
coated, indicating that he:ium readily permeated the sealing
resin. Composite insulation, which is first purged with helium
and then evacuated, was also considered. However, if the vapor
barrier is not leakproof, air can leak into the cold-evacuated in-
sulation and condense.

In addition to the basic hexagonal-core honeycomb, modified
honeycombs filled with rigid urethane foam have been evaluated
for use in insulation systems (ref. 53).

Sealed Evacuated Honeycomb Insulations

One concept considered for a cryogenic insulation was a sealed
honeycomb in which the residual air in the individual cells was
condensed to provide a vacuum in each cell. A removable bag of
lightweight polyester film was to be placed around the exterior
of the insulation to permit a helium purge and to prevent diffu-
sion of air into the insulation in the event of any leaks in the

outer seal. This outer bag was to fall away just prior to vehicle
liftoff. This concept was not tried because an outer bag suffi-
ciently reliable to withstand wind and mechanical loading and
other ground hazards and capable of being removed rapidly from
the vehicle was not found.

A double-seal honeycomb insulation which incorporates a he-
lium-purged layer and a dual layer of honeycomb has been devel-

oped (ref. 54). The layer of the double-seal insulation next to the
liquid-hydrogen tank is made of _-inch cell polyester honeycomb
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to which is bonded a 0.002-inch (50.8 microns) polyester film

on the tank side and a 0.0015-inch (38.1 microns) aluminum

foil on the outer side. In this layer, each cell is completely sealed;

when the layer is chilled to liquid-hydrogen temperature, each

cell is evacuated by liquefaction and/or solidification of the gases

within it. Thus, the layer provides very effective thermal insula-

tion. The outer layer of the insulation consists of a s/_-inch cell

perforated phenolic honeycomb, 0.2 inch thick, bonded to the

0.0015-inch aluminum foil on the outer side of the polyester

honeycomb. The outer surface consists of a 0.003-inch (76.2 mi-

crons) aluminum foil bonded to the perforated phenolic honey-

comb with an epoxy-phenolic adhesive. In use, the perforated

phenolic honeycomb is purged with helium under positive pres-

sure to provide a complete encasement of the polyester honey-

comb in a helium envelope. This prevents any possibility of air
diffusing into the polyester honeycomb portion of the insulation.

If the outer skin is punctured, helium will escape through the

puncture. If both seals are punctured, the cell or cells of the poly-
ester honeycomb in the punctured area will fill with helium and

helium will escape through the breach in the outer seal so that

air is still excluded and the loss in insulation effectiveness is lim-

ited to those few cells of the polyester honeycomb that have

become helium filled. The double-seal-insulation concept is shown

in figure 44. This double-seal insulation weighs about 0.5 lb/ft'

(2.44 kg/m') and has a cortductance of 0.3 Btu-in./hr-ft'-°F (0.43
mW/cm-°C).

Epoxy-Phenolic Adhesive __

0.003-in. Aluminum Foil

l i/o, -io, t t i i

0.4-in _1

0.002-in. Polyester Film _ /

Polyurethane Adhesive

0.0015-in. Aluminum Foil

Modified Epoxy Adhesive

_ 3/8-in, Cell

IIllllill l

\\\\\\\\\\N[\ _

_ Tank Skin

Polyester Honeycomb

Core with

3/8-in. Cell

FIGURE 44.--Double-seal insulation.
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CompositeInsulationsfor NonmetallicTanks

Cryogenic tanks of substantially higher strength/weight ra-
tios than those available have been considered (ref. 55). In such

developments nonmetallic materials, such as fiberglass-reinforced

plastics, carbon- and graphite-reinforced plastics, and whisker-
reinforced plastics, appear to have high potential. If successful
tanks are developed using any of these materials, requirements
of thermal insulation systems may change substantially. The in-
herently lower thermal conductivity of reinforced-plastic compo-
nents compared to that of metals will reduce the insulation re-

quirements. However, the advantages of high strength/weight
ratio and low thermal conductivity are offset by the fact that
such m_terials, particularly after thermal cycling, tend to be

permeable to cryogenic liquids, thus increasing the need for effec-
tive vapor barriers between the liquid and the tank wall as well as
between the outside air and the tank and/or insulation. Thus, for

reinforced-plastSc tanks, improved insulation systems are neces-
sary. The development of filament-wound tanks in which a
urethane-foam insulating layer is incorporated either internally

or _eithin the fiber-glass-wound structure indicates the current

trend (ref. 43).

Constrictive-Wrap External Insulation

An alternative insulation system designed for the Centaur liquid

hydrogen-fueled stage consists of a layer of foam to which a
vapor barrier and a compression-type surface winding are ap-
plied. Using reinforced-plastic filament-winding techniques, the
sealed foam constrictive-wrap external insulation system was
developed (ref. 56). The constrictive-wrap system consists of
0.4-inch thick (2-1b/fff (0.032-g/cm 3)) polyurethane foam
sealed hermetically with polyester adhesive to a vapor barrier of
a Mylar-aluminum-Mylar-sandwich and then overwrapped with
a prestressed fiber-glass roving for holding the insulation in
place under aerodynamic conditions. Investigations of this insu-
lation indicated that the hazards resulting from impacting insu-

lation panels containing oxyffen-rich liquefied air were negligible.
The insulation effectiveness proved to be equal to that predicted

for the system and the installed weight was only 0.16 lb/ft 2

(078 kg/m').

The primary advantages of the constrictive-wrap sealed ex-
ternal insulation system are:

• The self-contained insulation system does not require he-

lium purging or venting.

r r r-
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• It has a low thermal conductivity.
• It is light and therefore need not be jettisoned in flight.

The primary disadvantages of the system are:

• The lightweight insulation is fragile and must be suitably
protected during ground handling.

• It may incur weight penalties if atmospheric constituents
penetrate and condense in the insulation through any breaches
of the vapor barrier.

• As a nonjettisonable insulation it has a payload weight
penalty.

Exterior Surface Bonded Foam

The constrictive wrap prevents cracking and delamination of

foams subjected to low temperatures on the surface of cryogenic
tanks. An alternative approach uses the excellent bonding strength
of urethane foamed directly onto the tank surface (ref. 30). With
appropriate temperature control (approximately 120 ° F (50 ° C))
at the tank wall, the foam can be made with a uniform density.
The foam contains chopped strands of fiber glass which pro-
vide sufficient reinforcement to prevent it from cracking and
delaminating when cold shocked in liquid nitrogen, liquid hydro-
gen, or liquid helium.

The foam formulation is based on a quadral-triol mix com-
bined with an isocyanate. It is fluorocarbon blown and has a
density of 4.0 lb/ft _ (0.064 g/cm3). The initial mix when com-

bined with the chopped fiber-glass strands has sufficiently low
viscosity to allow the foaming action to proceed to a uniform
density. The chopped glass strands have a random orientation
and provide strength to the foam in all directions.

The foam system was applied to a tank 4 feet in diameter and

27 inches deep. Foaming was accomplished in orange-peel seg-
ments approximately 6 inches wide in a 1/2-inch space formed by

the tank wall and a plastic form. (See figfire 45.) Both the tank
and foam were maintained at a temlcerature of approximately
120 ° F (50 ° C). The outer surface of the foam had the same
smooth surface as the form. When the foaming was complete, a
vapor barrier of polyester-aluminum laminate was attached to
the outer surface with a polyurethane adhesive. The joints in the
vapor barrier were sealed with pressure-sensitive tape. The com-
pletely insulated tank is sho_m in figure 46.

Tests were performed with this insulation to measure thermal
performance and to determine structure resistance to cold shock.

The heat flux through the insulation was measured with liquid
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Figure 45.--Foam-insulation molding die and fixture.

hydrogen and liquid nitrogen in the tank, and the tank exposed
to the atmospheric environment. The measured heat flux ranged
from 70 to 100 Btu/hr-ft' (22 to 32 mW/cm'). The average
thermal conductivity was computed to be 0.13 Btu-in./hr-ft_-°F
(0.19 mW/cm-°C). The outer surface temperature ranged from
-60 ° to +62 ° F (-51 ° to +17 ° C), which is above the con-
densation temperature of air.

Repeated filling of the tank with liquid hydrogen and liquid
nitrogen and spraying the outside of the insulation with liquid
nitrogen while the tank was filled with liquid hydrogen did not
impair the thermal performance of the insulation. It retained
structural integrity excevt for minor liftoff of the vapor barrier.

Another application of external foam on an aluminum liquid-
hydrogen tank showed good results (ref. 26). The insulation was
bonded to the tank with an intermediate layer of epoxy-coated
fiber-glass cloth. The adhesive qualities were best only when the
aluminum surface had been precleaned and vapor blasted.
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\

FIGURE 46.--Foam-insulation system with vapor barrier.

Internally Insulated Fiber-glass Cryogenic Storage Tank

Plastic foams and glass-filament-wound structures can be com-

bined to produce a lightweight liquid-hydrogen tank. (See ch. 4,
p. 81.) This approach was used on a tank of 40-gallon capacity,
18 inches in diameter by 36 inches long, designed to operate at
100 psig. (See ref. 56.) A layer of foam 1/2-in. thick is used as
the mandrel for the filament winding operation. A vapor bar-
rier is placed on the interior of the foam structure to make the

tank capable of containing gaseous and liquid hydrogen. (See
ch. 5.)

The foam layer of the tank is made of an upper and lower
dome section and a cylindrical section. Each section is formed of

polyurethane foam encased in an aluminum-Mylar-aluminum
(AMA) laminate which serves as a vacuum tight barrier. A
glass cloth is placed between the foam and the AMA laminate to
provide a path for gas flow when the foam is evacuated. The
foam acts both as a thermal insulation and as a structural ma-

terial for transmitting the internal pressure to the filament-
wound shell structure. Construction details of the foam and

h
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vacuumtight barrier in the vicinity of the joint between the cyl-
inder and dome sections are shown in figure 47.

The structural shell is made up of two layers of longitudinal
and four layers of circumferential wraps of glass filaments. The
roving consists of 20-end S/HTS fiber glass impregnated with
a low-temperature casing epoxy. The completed filament-wound
tank is shown in figure 48.

Outer ,,--Inner vacuum jacket

Vacuum

jacket_-.
,-No bond between inner

Fiber-glass shell-_ / vacuum jacket and liner

Sp ice strtp_

Glass-cloth bleecler-

E_e chennel_

Liner bonded to

itself in this area

_-Plane of tangency

""-Liner

_ _Foam insulation

FIGURE 47.--Detail of joint between cylindrical and dome sections of tank
foam layer.

/--Circumlerenliat wrap _ ! ._
/

/

FIGURE 48._Completed filament-wound test tank.
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The liner for the tank was fabricated from AMA laminate.

The domes were spin formed from 0.005-inch-thick (127 microns)
laminate and the cylinder section from 0.0025-inch-thick (63
microns) laminate. The liner joints were sealed with an adhesive

to maintain a hermetic seal at -423 ° F (-253 ° C) after curing
at a temperature compatible with the foam insulator.

The vacuumtightness of the enclosed foam was checked with
a helium mass spectrometer both before and after the tank was
coldshocked with liquid nitrogen. The heat flow through the insu-
lation was determined by monitoring the flow rate of vaporized
hydrogen with the tank exposed to atmospheric conditions. To

test its structural performance, the vessel was pressure cycled
while filled with cryogenic liquid.

When the tank was filled to about 75 percent of its volume,
the heat leak was about 1800 Btu/hr (530 W); that is, a 50-
percent liquid loss per hour. A significant portion of the loss,
about 1100 Btu (1160 kW-hr), was attributed to the conductive
heat flow in the AMA laminate at the joint between the bottom

dome and cylinder sections in the foam structure (fig. 47). De-
pending on the environmental conditions, the heat flux in the
cylindrical section was 80 to 110 Btu/hr-ft _ (25.2 to 34.6 mW/
cm_), corresponding to a thermal conductivity of the foam of
about 0.1 Btu-in./hr-ft2-°F (0.144 mW/cm-°C).

The liner of the vessel failed at an internal pressure of 68 psig
after successful performance at lower pressures. Failure was at-
tributed to overstressing of the liner material.

Self-Sealing

Meteoroid particles impacting cryogenic propellant tanks will
not only penetrate the tank wall but may also generate forces
that could cause catastrophic failure of the tank. External ther-
mal shielding and insulating systams for the tanks can be de-

signed to incorporate an exterior meteoroid bumper together with
a low-density energy-absorbing material between the bumper
and the tank walt to provide meteoroid protection. Attention has
been given to using structures similar to sealed exterior insula-
tions as self-sealing shields for micrometeorite protection (ref.

57). If a cryogenic propellant tank is penetrated by a micro-
meteorite, the cryogenic propellant will solidify when it encoun-

ters the vacuum of space. If there is a porous medium around the

penetration, the solidifying propellant will cling to this medium

and plug the hole. Tests were made by filling a honeycomb with
porous media, such as fiber glass and an open-cell polyester foam.
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The most favorable self-sealing results were obtained with the

open-cell polyester foam, which produced sealing of punctures
as large as 0.050 inch in diameter.

Other Materials

A large number of other materials have been screened as possible
candidates. Those which have proved useful are corkboard and
balsa wood (ref. 59). Although balsa wood is a good nonporous

insulator, it is brittle and difficult to fabricate into thin sections.
Corkboard is readily available and relatively nonporous (ref.
58); it has a low conductivity, but a high density which limits
its use for space vehicles. Corkboard tends to separate and crack
near the tank walls during cooldown. Like balsa, it is difficult
to fabricate in curved sections.
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CHAPTER s

Structural and Noninsulating Cryogenic

System Components

ATTACHMENTS AND SUPPORTS

Insulation Attachment Methods--Multilayer Insulations

Since multilayer insulations consist of separate layers, methods
must be devised to apply insulations on vertical and inclined
walls so that the insulation will not slip during fabrication and

assembly or as a result of shock and vibration during use.

Insulation SupportedBetweenTwo Structures

The simplest way to prevent a multilayer insulation from mov-
ing or slipping is to place it over the object to be insulated and
to contain the insulation by a tight outer shell. This method,

however, has several drawbacks:

• Since the performance of the multilayer insulation is very
sensitive to compressive load, the outer shell can exert only a
limited amount of pressure, and the frictional force developed
between the layers as the result of this force may, in many cases,
not be enough to keep the layers in place.

• Even a small amount of compression degrades the insula-
tion effectiveness.

• Narrow tolerances must be maintained in manufacturing the
outer shell.

• The design is too inflexible to permit small corrections which
may be necessary for final adjustments.

• Compressive loads may be developed because of differential
thermal expansion of the inner colder layers and the outer shell.
The difficulties can be overcome by enclosing the insulation with
an outer flexible screen. During assembly, the bag can be pulled

tighter or looser as required.

An al_rnative approach uses each spacer as a self-supporting
shell for its radiation shield. Such an assembly is more diffficult

to prepare, but the insulation can withstand rough handling and
vibration more easily. Figure 49 shows an example of an insula-
tion using this approach.
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Fxoum_49.mInsulationassemblyusingspacersas self-
supportingshellsforradiationshields.

Pinned and Quilted Insulation

Layers of a multilayer insulation can be pinned to the wall of
the object to be insulated (fig. 50) or they can be stitched or
quilted together into a blanket (refs. 18, 30, 59), which can then

be attached to the tank in individual sections (fig. 51). If no
external compression is applied to the insulation, the perform-
ance of the pinned or quilted blanket can be estimated from the

data on penetration presented in chapter 5 and confirmed by test.
Experimental data on a quilted insulation consisting of ten

radiation shields of 0.00025-inch-thick (6.3 microns) perforated
polyester film, aluminum coated on both sides, and eleven 0.003-

inch-thick (76 microns) silk nettings (with l/_-inch-diameter by
0.008-inch-thick (200 microns) glass-paper disks sewed on both
sides of silk netting on 1-1/.2-inch centers with 0.006-inch-diameter

(150 microns) thread (fig. 25), indicated that the quilting de-
graded the performance by 7 percent (ref. 30).

A quilted blanket insulation combined with a purgeable sub-
strate system was tested on a one-half (linear) scale model of a

Saturn V, Apollo-landing-module liquid-hydrogen storage tank
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FIGURE 50.--Multilayer insulation pinned on the tank wall.

91

FIGURE 51.--Quilted insulation.
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• ' GH 2 VENT LINE

PRESSURIZATION LINE

He INLET PURGE LINE

\ 7

 ,up JDL"'He INLET PURGE LINE DRAIN LINE

_- - _._le_ ACTUAL LH2 LINE

o

FIGURE 52.--Schematic of helium-purge substrate system.

(ref. 18). The quilted blanket insulation system was chosen be-

cause it can function satisfactorily during prelaunch ground hold,

launch, and prolonged space flight. The spherical tank,

about 82 inches in diameter, was provided with fill, vent, pres-

surization, and drain lines.

The insulation system consists of several layers. First, a 0.4-

inch-thick fiber-glass substrate layer was placed over the tank
and enclosed by a gastight bag. This layer can be purged with

helium during prelaunch ground hold. (Fig. 52 shows the ar-

rangement of the helium-purge system for the test tank.)
The insulation consists of 30 radiation shields of double alumi-

nized polyester film, 0.0025 inch thick (63 microns), separated

by 0.0028-inch (71 microns) glass-paper spacers, combined into

blankets, each consisting of 10 shields and 9 spacers. The layers

are held together with buttoned tie-throughs to form a quilted

blanket. The blankets are in modular sections and completely

cover the tank. Three blankets are placed over each other to build

up the insulation system to the required number of layers. The

separate blankets are held together with Velcro fasteners inter-

spersed between the blanket at appropriate intervals. A polyester

netting is placed over the outer blanket to provide additional

strength to the system. The details of this system are shown in
figure 53.

Bands

When large objects are to be insulated with multilayer insula-

tions, bands can be used to keep the insulation in place (fig. 54).

Bands apply compression to a relatively small portion of the total
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/--Alternate Layers of

Blanke_ _ _. J ,_

Velcro Fameners

Press to Fa_ea,

Peel to Remove,

(Fasteners are Reusable)

_lbV
Matching Pltrts of

Velcro Fasteners

Velcro Attachment Tank Wall --/Mylar
Tabs

Sub_gtrate aml _ankets __- ----- --_ -_-_

1 to 2 and 2 to 3 . " /._

I
Tank Wall CYoss-Sec_lon / _%_ /.--Helium-Purged Fiber-Glass
of Three Installed Button/ Batting Substrate

Blankets / Staggered Butt Joints

FIGURE 53.--Quilted blanket insulation.

\,,

•\

Spacers _ _-_ Tank

Radiation Shield Bands

FIGURE 54.--A multilayer insulation kept in place by bands.
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surface area of the insulation. For radiation shields that are poor
heat conductors in the plane parallel to their surface (such as
thin plastic shields), the adverse effect of compression on the
thermal performance is localized. The local effect of the band can

be estimated according to the discussion in chapter 4, page 49.
Compressive loads and affected areas can be estimated, and then
the heat loss can be added to the heat flux through the unaffected
areas.

Shingled Insulations

The shingled multilayer insulations (fig. 55) derive their name

from their similarity to roofing shingles (ref. 60). One end of
each shingle is attached to the tank wall (or substrate insula-
tion) overlapping an adjacent shingle. The length of the shingle
from the attachment point to the outer edge and the spacing
between shingles at the bonded edge determine the number of
layers that can be applied. The shingle insulation has the follow-
ing advantages:

• The multilayer insulation can be directly attached to the
tank wall.

• Gas trapped between the shingles can be rapidly vented.
• Gas from any point source of gas leak such as the tank sur-

face at weld areas and manhole covers will be trapped between
two shingles and vented to space before it can permeate the
outer layers.

SHINGLE

IUTTON

FIGURE 55.--Shingled multilayer insulation attachment methods.
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Loss in insulation effectiveness due to solid conduction along
the shingles, and radiation tunneling between adjacent shingles,
can be reduced by choosing a shingle of suitable length.

The total heat flux is approximately the sum of heat passed
across the insulation ]flus radiation tunneling plus the solid con-
duction along the shield. The sum of the radiation tunneling and

solid conduction along the shield represents the thermal degra-
dation due to the shingle configuration over and above the ther-

mal conductivity for the parallel layers. As shingle length in-
creases the thermal conductivity of the shingled multilayer,
insulation asymptotically approaches a value equivalent to parallel
multilayer insulation. For shingle lengths greater than 28 inches,
the thermal degradation is less than 40 percent of the thermal
conductivity of parallel multilayer insulation.

Figure 56 shows the effects of gas leakage on the performance
of shingle insulation. For comparison, the data for a multilayer
system with parallel button radiation shield is shown on the same

figure. The results indicate that the performance of the shingle
insulation is nearly insensitive to gas leaks when the shingles are

vented to the vacuum without permeating the outer layers; the
performance of one shingle layer is degraded in the immediate
vicinity of the gas leak.
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The performance of shingle insulation was tested on a 4-inch-
diameter, 100-inch-long calorimeter as well as on a 26-inch-

diameter test tank with hemispherical ends. The test included
exposure to thermal shock, that is, rapid cooldown from ambient

to 37 ° R (20 ° K) with no prechill, rapid pumpdown (0.2 psi/
sec), vibration in longitudinal and horizontal planes, acoustic
load (to 158 dB), and acceleration up to 20 g. No structural
damage to the shingles or significant change in insulation per-
formance occurred during these tests.

Structural Supports

The support requirements for an insulated object or a tank

depend on its projected application: laboratory equipment will
be handled more gently than over-the-road or field equipment,
which will be subject to accelerations and vibrations around all
three axes. The supports for the latter conditions have to be of

greater strength and therefore more massive than the supports
for laboratory equipment. Various materials and design ap-
proaches for the support structures have been developed to suit
load conditions and to minimize heat losses in cryogenic storage
tanks ranging from road-transportable tanks to tanks in small
electronic devices.

Materials

Thermal conductivity, tensile strength, and modulus of elas-
ticity are the most significant design properties for a support
system. A number of suitable structural materials are listed in

table 6 along with values for each property.
The heat leak per unit of load for a support member in pure

tension is proportional to k/a, where k is the thermal conduc-
tivity and _ is the maximum working stress of the member. Us-

ing room-temperature values of the conductivity and stress, table
6 shows the k/,, ratio for several materials. Among these ma-
terials, the industrial yarns--Dacron, Nomex, and glass fibers--
have significantly lower values of k/, than do stainless steels and
the titanium alloys. Thus, on this basis alone, the yarns are
promising for support materials. However, other factors, such as
the percent elongation at the maximum loads and the tempera-
ture coefficient of expansion, must also be considered in the de-
sign of support systems.

The natural frequency of the support systems must be greater
than the frequency of any excitations that result from the vibra-
tions and accelerations induced by handling or transportation.
The criteria for determining whether a material will give a mini-
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mum conductance support for a given system natural frequency
(tension support) is to have a minimum ratio of the thermal

conductivity of the support to its modulus of elasticity, k/E.
Table 6 shows the value of this ratio for various materials; again,
it is apparent that the synthetic yarns--Dacron, Nomex, and glass
fibers--are among the best.

Tension Supports

Two examples of the tension type of support are shown in fig-
ure 57. Each system requires six tension members. In one system
(fig. 57(a)), each set of three structural members connects to a
rigid or cantilevered support that penetrates the insulation. In

the other system (fig. 57(b)), each structural member connects
to the tank at a different location and each, therefore, penetrates
the insulation separately. Analysis of the effects of vibrat _"

Tension Member s _._,

Vehicle Sir uctur e _I

3- Point Support

Multilaver Insulation o

Tension Members_

(Within Insulation)

_ (UvPePnet: SUlPlP, cto ...... d Gas Lines)

Structural Ring

Multilaye r insulation

j s=-_-----_z .. l#l_

X _" /_ _ r+aet.a+,Co nt .....

_ Outer Vessel

_Structural R*ng

(a)

_l| _ 3-Point Support

iY°+

<b}

FIGURE 57.--Tension-support systems for cryogenic containers.
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shows that the natural frequency of the tension members is
given by

1 /6keos'_
f*---- 2_._ M

where k is the spring constant, a is the angle of the tension
member with the vertical, and M is the ma_s of the container.

Multiple Thermal Resistance Support

This support system makes use of the low thermal conductivity
and the high load-carrying capacity of multiple-resistance sup-
ports in a vacuum (ref. 61). The supports can be integrated with
an inner cryogenic container so that they connect the inner con-

tainer to the container support structure without transferring
loads to the outer shroud.

Two types of supports have been successfully used:

• A conical support, consisting of multiple assemblies of trun-
cated conical washers coated with magnesia powder. Fignre 58
shows the assembly of such a support, and figure 59 shows the

I I

Shell

Pm

Rotation

I

FIGURE 58.--Conical washer support.
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FIGURE59.--Unassembled parts of conical washer support.

unassembled support parts. The conical shape of the washer pro-

vides for self-alinement of the washers, capability of carrying

loads normal as well as parallel to the axis of the container, and

self-compensation for contraction of components of the support

when the inner container is filled with a cryogenic fluid.

• A flat support (figure 60), consisting of a spiral-wound

metal strip coated with magnesia powder. This support can re-
sist lateral forces only.

The conical support may be assembled and preloaded prior to

assembly of the cryogenic container. This assembly is welded to

Spiral-Wound

FIGURE60.--Spiral-wound metal strip support.
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a cylindrical section which has been welded to the inner con-
tainer. When the inner container is assembled inside the outer

shroud, a threaded plug can be removed from the bottom sup-
port and the axial spacing of the inner and outer container de-
termined and fixed. This plug is later inserted and welded in
place. Thus the assembly of the cryogenic container is relatively
simple and requires no critical tensioning of supports during final
assemblies.

Load-Supporting Insulation

Extensive work on the effects of compressive loads on multi-

layer insulations has indicated that it is feasible to develop mul-
tilayer insulation systems that can support light loads.

A prototype cryogenic container had insulation consisting of
aluminized polyester film and fiber-glass spacers. The fiber-glass

spacers with a silicone resin binder have a density of 9 lb/ft 3
(0.14 g/cm'). Eighty percent of the spacer material was re-
moved and the rest was precompressed to achieve an installed

density of 2.8 lb/ft ' (0.04 g/cm_). The insulation system was
compressed between the inner container and an outer shroud so

that the desired preload was obtained with the inner container
at the cryogenic fluid temperature.

Small dynamic loads are carried in shear by the insulation
around the circumference farthest from the axis of vibration.

Larger dynamic loads are carried by sliding friction around the
circumference away from the axis of motion and by compression
at the ends of this axis. Coulomb damping in the insulation sub-

jected to shear and hysteresis in the compressed insulation both
provide damping to limit the relative motion between the two
vessels.

Tests of the prototype container, which consisted of a 29-inch
o.d., l_-inch stainless-steel inner vessel and a 31-inch i.d., 0.070-
inch-thick stainless-steel outer vessel, indicated a heat leak cor-

responding to an apparent thermal conductivity of 0.0042 Btu-

in./hr-ft'-°F (0.0060 mW/cm-°C).

Cone Support System

The cone support can be made of various materials; for ex-
ample, titanium sheet or a polyester honeycomb formed to a cone
shape and bonded to a girth ring around the inner container and
a girth ring on the outer shroud (ref. 18). The cone can be
designed to withstand longitudinal accelerations in two direc-
tions as well as transverse accelerations for both the tensile and

buckling loads associated with such accelerations.

I
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(a) (b)

FIGURE 61._Cone support system concepts. (a) Continu-

ous cone support; (b) three-point support.

Because this type of support penetrates the multilayer insula-
tion, the attachment of the individual layers to the cone must be
made in such a way that the temperature of the shields matches
the temperature distribution in the cone support. Thus isother-
mal surfaces can be preserved around the container in the vi-
cinity of the cone support and thermal short circuits prevented.
Figure 61 shows the design concept for such a support system.

Refrigerated Supports

The sensible heat of the vaporized liquid can be used to reduce
the heat flow conducted through the supports. The vent gas can

be made to pass out of the system through small-diameter vent
lines which can either be thermally bonded to the support or
se_ _._ as the supports. The cold boiloff gas is introduced at the
"_Llppol_ where it attaches to the cryogenic containers. The gas
passes outward through the support, warming up as it picks
up heat in the support member. A substantial reduction in the
support heat leak can be obtained in this manner (ref. 5).

Retracting Supports

Retracting supports are of interest where the insulated tank
may go through two modes of operation. For example, during
transport, the tank may be exposed to vibration and shock,
whereas, in use, it may remain stationary for prolonged periods.
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Massive support structures required during transport may be re-
tracted at the final destination, thus decreasing heat losses dur-

ing stationary operation.

PENETRATIONS

In any practical application, penetrations, such as fill lines and

vent lines on a cryogenic tank or electrical leads on electronic
equipment, are unavoidable.

Analyses describing the relationship between the penetration
and highly anisotropic multilayer insulations have been carried
out (ref. 62). Because of the important effect penetrations have
on insulation effectiveness, considerable care must be taken in
designing the system, selecting materials, and evaluating experi-
mental data obtained on idealized systems.

Buffer Zones in Multilayer Insulations
Multilayer insulations are highly anisotropic; that is, heat flow

in a direction parallel to the layers is orders of magnitude greater

than the heat flow perpendicular to the layers.
This anisotropy has to be recognized in the design and con-

struction of multilayer insulations whenever there is a penetra-
tion or a seam in the insulation. A simple case is illustrated in
figure 62(a). Here the multilayer insulation is in good thermal
contact with a penetration. Heat flows not only directly through
the penetration but also from the multilayers into the penetra-
tion; this effectively short-circuits the insulation in this region.

The isolation of a penetration (or any other short circuit) by
additional, but isotropic, insulation in the space between the pen-
etration and mulptilayer insulation is known as "decoupling" and
the space is referred to as a "buffer zone." The decoupling insu-
lations employed include urethane foams and evacuated glass
wool or powders. Foams are rigid and can be produced with accu-
rate geometry. Because of the gas entrapped in the foam pores,
the thermal conductivity of foams is generally higher than that

of evacuated glass wool or powders. However, the latter insula-
tions are more difficult to install.

For small penetrations, especially those with a low-thermal-
conductivity-area product, it may be satisfactory to place the
insulation near the penetration but to prevent actual physical
contact. These gaps in the insulation must neither widen nor

narrow during cooldown or under any anticipated loading.
A large gap through which radiation can reach the insulated

object is intolerable in terms of heat leak. Large support members,
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Q
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FIGURE 62.--Treatment of a penetration passing through multilayer
insulation.

pipes, and manholes require that the gap be closed with a low-
conductivity isotropic material. In figure 62(b), the penetration
is shown with a decoupling material to prevent the insulation
from contacting the penetration. The temperature gradients for

the penetration system in figures 62(a) and 62(b) are shown in
figure 62(c). The use of a decoupling material and axial insula-
tion around the penetration considerably decreases the heat leak.
When low-thermal-conductivity spacers are used in a multilayer
insulation, the spacer material can also serve as the buffer zone
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by continuing the space beyond the radiation shields for a dis-

tance equal to about twice the thickness of the multilayer in-
sulation.

In the placement of multilayer insulations on tanks, seams of
joints between insulating sections are often encountered. Instead
of trying to match layer to layer (figure 63(a)), these seams
are often decoupled with another (isotropic) insulation. For ex-
ample, in figure 63(b), such a decoupling is shown for a right
angle turn in the cold wall.

The analyses of heat leaks through a buffer or decoupling zone
are difficult and must be confirmed by actual tests. For the case
shown in figure 63(b), the heat flux due to the coupling section
is Lk_T, where L is the length of the joint, k is the thermal con-
ductivity of the decoupling insulation, and AT is the difference
between the inner and outer temperatures. The dimensions of the
square are not significant. Other quantitative analyses are made
for various cases (ref. 62).

Penetration Through Multilayer Insulation With Metal.Coated Plastic
Shields

The heat loss through a system consisting of a small penetra-
tion such as a plastic or stainless-steel pin or thin-wall, stainless-
steel tube through a multilayer insulation which has thin metal-
coated plastic radiation shields (such as 0.00025-inch-thick (6.3
microns) aluminum-coated polyester film) may be approximated
by the sum of heat losses calculated separately for the penetra-
tion, multilayer insulation, and buffer zone (ref. 63). This proce-
dure is not exact because no interaction between the penetration,

buffer zone, and multilayer insulation is taken into account. How-
ever, the method gives a reasonably reliable technique for deter-
mining the effect of a penetration, as shown in table 7, which

]_ Low Temperature

j Low Temperature

'_k Wall

Weld

(a) (b)

FIGURE 63.--Treatment of joint seams in the placement of multilayer insula-

tions on tanks. (a) Layer-to-layer matching. (b) Decoupling for a right-

angle turn.
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compares calculated and experimental results. For the test condi-

tions selected, the buffer zone around the penetration has an ad-

verse effect: it adds to the total heat loss through the system.

Use of Vapor Cooling

The design of a refrigerated support employing heat stations

(fig. 64) greatly reduces the conductive heat losses down the

penetration. A plastic support tube filled with powder or fiber
insulation carries the fill (withdrawal) and vent lines and cables

which penetrate the insulation. Three equally spaced heat sta-

tions in the piping penetration pass transversely through it and
are thermally bonded both to the support tube and to all of the

pipes. The vent line is coiled and bonded to each of these heat

stations so that a transverse isothermal surface is established

at each heat station. This surface assures that the specific heat

available in the boiloff gases can be used to intercept conductive

Ground- Hold Vent

Withdrawal Tube

Heat Station Venl Vent

Multllayer

Insulation

Liquid Withdrawal Tube

FIGURE 64.--Heat stations for piping penetration.
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heat leaks down the pipes and reduce the total flux through this
penetration. The multilayer insulation layers are attached to the
structural support tube of the piping penetration at a point where
the tube temperature matches the shield temperatures. Analysis of
heat leak through the piping penetration as a function of a num-
ber of heat stations shows that the heat leak, when two heat

stations are used, is reduced to 0.1 and for three heat stations,
to 0.05 of the heat leak with no heat station (ref. 64).

To reduce heat losses at points of attachment of multilayer
insulation to vent tubes, the refrigeration potential of escaping

boiloff gases can be used (ref. 62). To accomplish this, multiple
shields attached to a vent tube are interleaved with multilayer

insulation (fig. 64).
Application of multiple shields to recover portions of the vapor

refrigeration potential on a 100-liter liquid-helium storage tank
(ref. 65) indicated that heat leaks were reduced by a factor of
about 18. The use of multiple shields reduces the liquid loss and

the time required for cooldown.

EVACUATION AND PURGING

Whether insulation is installed in a ground-based storage tank

or forms part of a system in a space vehicle, venting of gases
from the insulation and achievement of low pressures within the
insulation is essential for its performance (fig. 1).

The marked detrimental effects which gas pressures can have

on various insulations have already been discussed (fig. 32). To
minimize these effects and thus prevent degradation of the insu-

lation performance, the insulation system must be completely
and rapidly evacuated without damage to the insulation. Venting
techniques which will reduce the effects of gas pressures are based
on the control of viscous and molecular gas flow.

Flow of Gases Through Insulations

ViscousFlow of Gas

As a space vehicle ascends through the atmosphere or when a
valve is opened to a vacuum system, the gas entrained within
the insulation vents to its surrounding (or to the vacuum pump).

The venting speed is limited by the geometry of the insulation
system, the ambient pressure, or the conductance of the vacuum
piping. Accordingly, during ascent or pumping, a pressure gra-
dient from the inside to the outside--exists within the insula-

tion system. If the insulation is not to be damaged, this pressure
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gradient must be reduced to about 1 psf. If perforations in the
radiation shields are 1 inch apart and the hole area is 1 percent
of the shield area, a pressure difference of 70 psf will form
across the insulation (about 2.4 psf across individual shields).
Since the pressure gradient is proportional to the square of the
distance between the perforations, the desired pressure of 1 psf

can be attained by greatly reducing the distance between holes.
For multilayer insulations such as crinkled polyester films, which
do not use spacers, venting may be more difficult; pressure gra-
dients may tend to compress some layers more than others, re-
sulting in an increase in these gradients. Because of compres-
sion, perforations in one shield may be blocked by the next shield,

and venting may then be possible only through the edges.
Therefore, containment and support of decompression forces

during the boost phase must be provided. The amount of sup-
port required is proportional to the fourth power of the number
of layers per unit depth of insulation and to the square of the
path length of the venting gases. Furthermore, if a nonperforated

spacer material is used between the shields, the resistance to gas
flow will be increased, and greater support may be required.

Molecular Gas Flow

A pressure of 0.01 to 0.1 torr will be sufficient to achieve opti-
mum performance of a fiber or powder insulation. Even though

the performance of the insulation will keep improving when the
pressure is lower than 0.01 torr, the effect is very smaJl (less than
1 percent in most cases). (See ch. 4.)

The optimum performance of presently available multilayer

insulation is reac_ed at pressures of 104 to 10-_ torr between
the layers. At these pressures the gas flow is in the molecular
region. Design of the flow passages is critical. As in the viscous
flow region, perforations of the radiation shields are important
in reducing pressure between the layers. (See ch. 4.) Outgas-
sing of the insulation components must be taken into account.

Gas-purged insulations have to be evacuated to reach perform-
ances comparable to those of insulations which are outgassed
and evacuaC, d before being placed in service. (See ch. 4.)

Hazards of Condensed Air

Liquid hydrogen temperatures are low enough to condense and
solidify atmospheric gases within the insulation. These conden-

sates and solids reduce insulation effectiveness and may damage
the insulation if, upon subsequent heating, a significant internal
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pressure is created. Furthermore, many insulation systems have

organic components, which, in contact with a solid or liquid air,
constitute a fire and explosion hazard• (See ch. 4.) To obviate
any of these possible hazards, atmospheric gases should be ex-
cluded from insulations.

Evacuation Techniques

External Pumping

Gas within the insulation is evacuated with a vacuum system
connected to a cryogenic storage tank. After the desired low pres-
sure is achieved, the vacuum connections are sealed. The familiar

Dewar flask is the simplest example. Large ground-storage tanks
are built on the same principles: the pressure tank is the inner
vessel, and it is surrounded by another tank which is built to

withstand a negative inner pressure. The annulus containing the
insulation is evacuated.

In space-vehicle cryogenic tanks, the weight of an outer con-
tainer cannot be tolerated. Therefore, efforts have been made to
develop a multilayer insulation covered on the outside surface
with a thin protective enclosure such as Mylar-aluminum-Mylar
laminate (MAM). The insulation can then be evacuated on the
ground. In the ground-hold condition, the atmospheric pressure
compresses the insulation and reduces its insulating effective-
ness; however, the effectiveness is still acceptable for short hold
periods. When the vehicle leaves the Earth's atmosphere and there
is no external pressure, the multilayer insulation can expand and
achieve the required performance.

The thin MAM films are susceptible to pinhole leakage, espe-
cially when folded or creased (refs. 24, 31). Any such leaks are
deleterious, since air and water vapor will diffuse into the insu-
lation and condense on the cold tank walls. After the tank is

exposed to the space environment, some of the solidified gases
will be released and build up pressure, which may inflate and rup-
ture the protective cover. It is imperative, therefore, to minimize
any leaks in an evacuated insulation, even though the insulation
is continuously evacuated during ground hold.

After the compressed multilayer insulation expands in space
when the pressure on the outer cover is released, the expanded
insulation may be subjected to residual compressive loads with
some loss of performance. Laboratory experiments indicate an

effectiveness after expansion of about 60 to 70 percent of the

original uncompressed insulation (refs. 22, 24, 31, 66).
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The protective enclosure must be installed very carefully to
assure that a vacuum can be maintained in the insulation. All
seams, penetrations, supports, and other deviations from a sim-
ple, smooth wrap are potential sources of gas leaks. The vacuum
integrity requirement of an evacuated insulation with an outer
flexible protective enclosure has led to approaches which do not
involve vacuum seals.

Cryopumpingand Cryosorption

Before placing insulation into service, the hermetically sealed
insulation space can be filled with a substance which is a gas
at atmospheric pressure and temperature. When one wall of the
insulation is cooled to a temperature below ambient, the gas
molecules will freeze at that wall, thus leaving the insulation
space evacuated. For example, carbon dioxide is a gas at atmos-
pheric conditions. The carbon dioxide molecules will freeze on a

surface cooled below -110 ° F (-80 ° C), thus reducing the gas
pressure in a sealed insulation space (ref. 67). Tests have shown
that with one wall of insulation exposed to liquid hydrogen tem-
perature, 2×10 -5 torr pressure can be achieved, provided the
insulation is properly outgassed beforehand and a material which
can adsorb outgassing products is placed in the hermetically
sealed space.

Purge Techniques

An alternative technique for preventing condensation of air
and, to a lesser extent, water vapor on a cold surface is to purge
the insulation with helium gas, which does not condense at liquid
hydrogen temperatures. To achieve optimum performance of an
insulation system, solid or liquid formation within the system
must be prevented. Helium gas is circulated through passages
within the insulation and/or through a purge bag around the
insulation until a negligible quantity of condensable gases re-
mains within the system (ref. 68). At launch, the helium flow

is shut off and the insulation allowed to vent to space. When the
external pressure has dropped to space ambient pressure condi-
tions, pressure within the insulation will approach this low pres-
sure, provided that outgassing of the insulation materials is al-
lowed for and the cryogenic tank is leaktight. Outgassing of
organic materials can be considerable (ref. 69). One of the tech-
niques to improve outgassing is to introduce warm purge gases.
The principal advantage of purging is that it greatly reduces the
need for leak reliability in a protective enclosure. However, a
venting ability has to be provided so that the insulation will
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allow the helium to escape during purging and during launch
when a sudden reduction in external pressure occurs. Failure
to provide sufficient venting may result in rupture of the en-
closure and degradation of the insulation. If purging is employed,

the insulation is not compressed and a high insulation effective-
ness can be realized in space.

VAPOR BARRIERS

Vapor barriers constitute an essential part of cryogenic insu-

lation systems, particularly for such structural insulating sys-
tems as are now used for the exterior and interior insulation

of cryogenic tanks for flight vehicles. For insulation systems
applied to the exterior of a cryogenic propellant tank, vapor bar-
riers are required to prevent permeation of atmospheric constitu-
ents into the insulation when the tank is chilled down. Helium

purges prevent this permeation into an insulation. Sealing off

the insulation into relatively small compartments limits a failure
to one portion of the insulation and thus prevents a catastrophic
failure of the entire system.

For insulations on the interior of a tank, vapor barriers are

required to separate the cryogenic liquid from the insulation
to prevent penetration of the insulation by the liquid which would
lead to an increase in thermal conductivity and possible catas-

trophic failure of the insulation because of increased gas pres-
sure created by the vaporizing liquid at the warm tank wall.

Vapor barriers are even more important in filament-wound fiber-
glass tanks because of their tendency to be permeable to cryo-
genic liquids, particularly after repeated thermal cycling.

Vapor Barrier Materials
Various materials have been evaluated and used as vapor bar-

riers for cryogenic insulation systems (ref. 49). The least per-
meable materials are metal foils; however, their high density,

combined with handling difficulties, limits their use. A vapor
barrier must conform readily and smoothly to a variety of con-
tours. The small elongation of metal foils severely limits their

ability to be formed and increases the permeability of foil-lined
structures due to wrinkling and tearing.

The difficulties in handling metal foils, particularly aluminum
foils, have been overcome by laminating the foils to thermoplas-
tic films. The most common vapor barrier material is an oriented
polyester film. Among the desirable properties of this film are its
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high strength, good handling characteristics, and behavior at
temperatures as low as that of liquid hydrogen (-423 ° F
(-253 ° C)).

Lamination of foils to these films does not improve the ulti-

mate formability of the foils, but it does improve their handling
characteristics and limits damage to them. Laminates of 0.5-mil
polyester film (12.7 microns) on each side of a 0.5-mil to 1-mil
(12.7 to 25.4 microns) aluminum foil (MAM) have been suc-
cessfully used as vapor barriers. A double layer of aluminum
foil (MAAM) has the lowest permeability of any available

vapor barrier.
Other thermoplastic films are useful as vapor barriers. Poly-

vinyl fluoride film also has been used as a vapor barrier because
of its low permeability to gases, good strength, elongation char-
acteristics, and availability in a readily bondable form. Other
materials that have been considered and evaluated as vapor bar-
riers include polyimide film, fluorinated ethylene propylene film,
fiber-glass cloth-reinforced plastics, chlorotrifluoroethylene poly-
mers and copolymers, and polyethylene film.

Physical Properties of Vapor Barrier Materials

Polyester film, polyvinyl fluoride film, and polychlorotrifluoro-
ethylene fluorohalocarbon films were tested for tensile and elon-
gation properties at liquid nitrogen temperature (-320 ° F
(-196 ° C)). These tests indicated that polyester has both the
highest tensile strength and highest elongation at failure of these
three films at liquid-nitrogen temperature. The polyester is a high-
ly oriented film, and under some test conditions can be observed
in both the lon#tudinal and transverse directions (ref. 48); there-
fore, it was tested in both directions.

P

Tensile tests were conducted on three vapor barrier materials
at room temperature, +250 °, -320 ° , and -423 ° F (+121 ° ,
-196 °, and -253 ° C). The materials were 3-mil (76 microns)
polyester film, a laminate of two layers of glass cloth and epoxy
resin binder, and a laminate made of one layer of 1-mil (25.4

microns) aluminized polyester and one layer of glass cloth with

epoxy resin binder. To determine whether there were any varia-

tions in properties, tests were made in both longitudinal and trans-

verse directions. The laminates increased in tensile strength as

the temperature decreased to -423 ° F (-253 ° C). Most signifi-
cantly, their elongation also increased, which is a desirable prop-

erty. Measurements of thermal expansion of vapor barriers

including 3-mil polyester, polyvinyl fuoride, and a laminate con-
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sisting of two layers of fiber-glass cloth bonded to a 1-mil alumi-
nized polyester film indicated that, because of the stabilizing
effect of the glass fibers, the fiber-glass laminate has by far the
lowest thermal expansion. However, the polyester has only slightly

higher linear expansion than the laminate, whereas the poly-
vinyl fluoride has a substantially higher linear expansion. To
minimize thermal shear stresses in laminates subjected to cryo-
genic temperatures, these thermal expansion properties must be
taken into consideration.

Data have been obtained on hydrogen permeation of various
barrier materials (ref. 70). These measurements indicate the

variation in hydrogen permeation of polyimide film, polyester
film, polyvinyl fluoride film, polyethylene, chlorinated ethylene
propylene, and two chlorotrifluoroethylene polymers over the

range of + 200 ° to - 100 ° F ( + 93 ° to - 73 ° C).

Applications of Vapor Barrier Materials

The primary internal application of insulation for liquid hy-
drogen tanks is in the Saturn S-IVB. In this system, the vapor
barrier is a polyurethane resin, reinforced with fiber-glass cloth,
which retains substantial resilience at liquid hydrogen tempera-
ture. Sealings of urethane foam with polyurethane resin did not
decrease the permeability of the foam to helium.

In the Saturn S-II cryogenic tank insulation system, the
outer vapor barrier is a double layer of polyamide plastic cloth
laminated with epoxy resin, with a surface layer of polyvinyl
fluoride film as the primary barrier to prevent air permeation
into the insulation.

Several vapor barriers to prevent permeation of propellants
from filament-wound tanks have been evaluated. Fluorinated ethyl-
ene propylene and polyester tapes were bonded to the interior of

small filament-wound tanks and evaluated by partially filling a
tank with liquid hydrogen and then pressurizing it (ref. 28).
Fluorinated ethylene propylene was found to be incompatible
with the filament-wound structure, and failure occurred early
in the test. The compatibility of polyester is limited, because,
upon tank pressurization, the polyester liner will fail in tension
before the burst pressure of the filament-wound structure is
approached.

PROTECTIVE ENCLOSURES

To achieve minimum losses during transportation and storage
of cryogenic liquids, insulation must be protected from damage
by handling during fabrication and during loading of the liquids.
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Water (in humid air or rain) must be prevented from penetrat-
ing and freezing on cold tank surfaces. Liquid hydrogen and liquid
or solid air must not be present on a tank surface. Prior to

launch, heat leaks into space-vehicle propellant tanks have to be
minimized to avoid excessive boiloff loss and reduce refilling re-
quirements. The insulation must not be degraded by the signifi-

cant thermal contraction of a tank during filling.
During the launch phase, the insulation system must be oper-

able despite severe vibrations and buffeting, a high g-loading,
high surface temperatures caused by aerodynamic heating, local-
ized radiant heat exchange from rocket engines, and a rapid re-
duction in ambient pressures.

In space, to prevent excessive heat leak the propellant tank and
insulation must be protected against solar and planetary radia-

tion. Such hazards as the small, but finite, probability of colli-
sions with micrometeoroids also have to be considered.

Considering these various factors, an ideal protective enclosure
should--

• Form an integral part of an effective insulation system
• Withstand high temperatures
• Be sufficiently flexible to withstand thermal stresses during

cooldown but be 'igid enough to maintain integrity during the
aerodynamic stres es of launch

• Be impermeable to water vapor (and, for liquid hydrogen
tanks, air)

• Allow pressure equalization
• Be of minimum weight

Different requirements have led to the protective enclosure con-
cepts that are discussed in the following text.

Protective EnclosureNot Exposed to Aerodynamic Heating

A protective enclosure for polyurethane-foam or multilayer
insulation which is not exposed to aerodynamic heating and forms

a vapor barrier (ref. 27) consists of two 0.5-mil-thick polyester
layers on either side of one or two 0.5- to 1-mil-thick aluminum
foils (MAM or MAAM) (refs. 46, 66). Thin lead sheets have

also been used in place of aluminum (ref. 34). The polyester
provides strength, and the aluminum acts as the vapor barrier.
The barriers are prone to leak if the seals between adjacent sec-

tions are not carefully made and handled. To allow for tank
shrinkage during cooldown, constrictive wraps of fiber-glass rov-
ing were applied so that the insulation is in a compressed: state
after application (ref. 25).
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Protective EnclosureExposed to Aerodynamic Heating

A protective enclosure satisfactory in the Earth's environment
is not necessarily suitable during the launch phase, where me-
chanical strength and resistance to high surface temperatures
are necessary. Typical enclosures consist of a material which can
withstand high temperature (e.g., fiber-glass cloth) or can ablate
(refs. 26, 71). The enclosure permits the insulation to be evacu-
ated in ground hold and sealed with a vapor-impermeable shroud
(ref. 24). The enclosure can also provide solar-thermal protection
with applied low a/e coatings. These coatings reduce the frac-
tion of incident solar radiation which is absorbed. Metals and

semiconductors generally have absorptivity/emissivity (a/e)
values larger than unity, whereas nonconductors have _/e val-
ues less than unity. One of the best low a/e coatings is a calcium
silicate pigment in a sodium silicate vehicle with an ale value
of 0.17 (ref. 72).

The enclosure can also incorporate solar radiation shields dis-
placed from the cryogenic storage tank. These shields intercept
and reradiate incident solar (or planetary) radiation (refs. 20,

73-75). Such "shadow-shields" are primarily useful in space ap-
plications were the tank can be oriented to accept the Sun's
radiation over its smallest projected area. These solar radiation
shields are also useful as protection against micrometeorites.
Meteoroid hazards can also be reduced by shielding, but the mass
required is often considerable (ref. 76). Studies have indicated

that even if foam-insulated cryogenic propellant tanks were to be
punctured by meteoroids, the liquid escaping into space through
holes in the foam would evaporate so rapidly that a solid plug

of frozen liquid woul( form and effectively seal the leak (ref. 77).
When cryogenic liquid storage tanks are in the interior of a

space vehicle, protection need not be provided against aerody-
namic heating and pressures or solar and planetary radiation

(ref. 24).

ADHESIVES

Adhesives are an essential component of cryogenic insulations
because no other means is satisfactory for joining the light-

weight, and sometimes fragile, components of an insulation sys-
tem into a structural entity. In addition, most insulation systems

require sealing to prevent permeation of gases and/or liquids into
or out of the insulation. Adhesives provide a combination of high
stren_h, stress distribution, and sealing.
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From a practical standpoint, two types of adhesives are used
in the fabrication of composite insulation systems: heat-cured
adhesives and ambient-temperature-cured adhesives. The heat-
cured adhesives are used to achieve good elevated-temperature
properties in shop assembly of components which may be exposed
to elevated temperatures (e.g., aerodynamic heating). Ambient_
temperature-cured adhesives are necessary to bond assembled

structures where it would be impractical to apply heat to cure
the adhesive.

The adhesives are used either as supported or unsupported
films; or as a liquid or semiliquid mixture of two or more ingre-
dients. Heat-cured adhesives are used in film form, whereas the
ambient-temperature-cured systems are two-component, semi-
liquid pastes. The film-type adhesives incorporate a fiber glass or
other cloth carrier which not only lends handling strength to the
adhesive film but also helFs to reduce the coefficient of thermal

expansion of the film and the resultant adhesive layer, thereby
reducing thermal stresses in the completed bond. In both the heat-
cured and ambient-temperature-cured adhesives, metal or metal-
oxide fillers can be added to the resin to modify the thermal ex-
pansion characteristics of the adhesives, to match more nearly
those of the substrate, and thereby reduce thermal stresses in the
completed bond during various environmental changes.

Adhesives for Cryogenic Application

Several basic types of adhesives are used for primary struc-

tural bonding in aircraft and space vehicles. These usually con-
sist of a thermosetting phenolic or epoxy resin which contributes
high adhesion and thermosetting characteristics, and a modifier
to reduce the brittleness of the thermosetting resin and thus to
provide a resilient pbond unaffected by thermal and curing shrink-

ago stresses. Modifiers include nitrile rubber, vinyl acetal, vinyl
butyral resins, and, more recently, polyamide resins.

In early work (before 1960), a number of structural adhesives

were screened for bond strength with various types of substrates
at temperatures from room temperature down to -423 ° F

(-253 ° C) (ref. 78). This work clearly indicatedthe superior-
ity of the then relatively new epoxy-phenolic blends over the ni-
trile-phenolic and vinyl-phenolic adhesives which were the stand-

ard structural adhesives. Bond strengths of over 3000 psi (210
kg/cm') were achieved on aluminum lap shear joints at -423 °

F (-253 ° C) with the epoxy-phenolics; all the other types of
structural adhesives tested had bond strengths of about 2000 psi
( 140 kg/cm') or less.

w" r r - _ v- v-"

ir_-- v - ,.



118 THERMAL INSULATION SYSTEMS

About 1960, a new type of structural adhesive, based on epoxy-
polyamide resin blends, became available and was evaluated ex-
tensively for potential cryogenic use (ref. 79). The epoxy-poly-

amide resin adhesives, available in film form, proved to have
markedly superior bond strength at liquid hydrogen temperature
to any other available adhesives. These adhesives showed bond

strengths with stainless steel in lap shear in excess of 5000 psi
(350 kg/cm'), in comparison with approximately 3000 psi (210
kg/cm') for epoxy phenolic adhesives. Athough nitrile phenol-

ics have excellent bonded strength at temperatures in the range
of -100 ° F ( -.737 C), their strength drops to the range of 2000
psi (140 kg/cm') at liquid hydrogen temperature. The bonded
strength of epoxy-polyamide resin adhesives, although slightly

lower than that of the nitrile phenolics at room temperature and
-100 ° F (-73 ° C), is slightly higher than that of the nitrile

phenolics at-320 ° F (-196 ° C) and very much higher at
--423 ° F (--253 ° C).

The epoxy-polyamide and polyurethane adhesives are am-

bient-temperature-cured systems, whose bond strengths are in-

herently lower than those of the heat-cured adhesives. However,

these adhesives do not decrease drastically in properties as the
temperature is reduced from room temperature to --423 ° F, and,

indeed, these adhesives have proved satisfactory for sealing and

coating applications, where high strength is not required but
where the adhesive must not embrittle at - 423 ° F.

For applications where good physical properties are required
at both elevated temperatures, that is, 200 ° to 300 ° F (93 ° to

150 ° C), and low temperatures, that is, -423 ° F (-253 ° C),

the epoxy-phenolic adhesives are used. For applications where

high strength is not needed at temperatures above 150 ° F (66 ° C),
but maximum Strength is needed at cryogenic temperatures, the
epoxy-polyamide adhesives are used. For applications where an

ambient-temperature-cured adhesive with good properties at cryo-

genic teml_eratures is required, epoxy-polyamide or polyurethane

adhesives can be used. In general, ambient-temperature-cured

adhesives have poor strength at temperatures above 150 ° F
(66 ° C).

Measurements have been made of the thermal expansion char-

acteristics of several different epoxy adhesives (ref. 49). The

linear thermal expansion of various epoxy adhesives varies sub-
stantially. However, modifications in thermal expansion char-

acteristics can be achieved through the incorporation of fillers.
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Applications of Adhesives
In an internal insulation system, adhesives such as the poly-

urethane type are used for bonding the blocks of foam insulation
into place, bonding a vapor barrier to the surSace of the blocks,
or actually forming a vapor barrier by impregnating a fiber-
glass cloth.

In the external insulation systems, adhesives are required to
bond the phenolic honeycomb or foam panels to the tank, to form

the various seals that may be necessary in the intermediate layers,
and for bonding closeout panels between sections of shop-bonded
insulation.

Several adhesives have been evaluated for bonding of vapor
barriers (ref. 48). Five different adhesives were used to bond
polyvinyl fluoride and polyester films to stainless-steel substrates.
Epoxy polyamide and epoxy both produced bond strengths in the
range of 1200 psi (80 kg/cm _) with polyvinyl fluoride at room
temperature and at liquid-nitrogen temperature while the other
adhesives produced ]esser bond strengths. With the polyester

vapor barrier, the epoxy polyamide again produced bond
strengths in the range of 1200 psi (80 kg/cm') at room temper-

ature and at liquid nitrogen temperature, while the epoxy had
bond strength in the range of 300 psi (20 kg/cm 2) at room tem-
perature and 1200 psi (80 kg/cm') at liquid-nitrogen temperature.

The epoxy polyamide appeared superior not only in bond strength
but from the standpoint of processing characteristics, since it
can be cured at room temperature while epoxy curing requires
an elevated temperature.
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CHAPTER 6

High-Temperature Thermal Protection
Systems

INTRODUCTION

In addition to the extensive development of thermal protection

systems for cryogenic application, high-temperature thermal pro-

tection systems have been developed for three principal appli-
cations:

• Structural components of space vehicles that are heated

aerodynamically during liftoff and reentry
• Rocket nozzle and combustion chamber walls and internal

components

• Spacecraft and ground components that are heated by pro-

pellant exhaust gases or by radiation from the propellant exhaust

Thermal protection systems for each of these applications con-

sist of structural and insulating components; often a composite

material which has both structural capability and insulating
value is used. Tyl:ical developments and application of these com-

ponents will be discussed in this chapter.

Ablation materials and thermal control coatings form part of

these thermal protection systems and the technological develop-

ments of these materials are a result of the space program. How-
ever, these two types of protective system components have been

specifically excluded from review in this survey; the technology

of ablation materials is sufficiently extensive to warrant a sepa-
rate detailed survey. A survey of NASA contributions to the tech-

nology of inorganic coatings is already available (ref. 80). Spe-

cific applications where the ablator or thermal control coating
acts more in an insulating capacity than as an ablative or emit-

tance control material will be included in the following discussion.

HIGH-TEMPERATURE PROTECTION SYSTEMS FOR

SPACECRAFT STRUCTURES

Thermal protection of spacecraft structures has been a serious

problem for the designer. He must provide a system that resists
the high temperatures and aerodynamic loads encountered dur-

ing reentry, does not oxidize or encounter physical or chemical
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122 THERMAL INSULATION SYSTEMS

degradation in the adverse environment of reentry, maintains
moderate temperatures in other parts of the spacecraft, and has
a minimum weight consistent with the spacecraft design and
mission requirements. Two basic approaches to the design of such
systems have been evolved: one is called a hot-structure system
and the other, a cooled-structure system. In a hot-structure sys-
tem, oxidation-resistant materials with high strength-to-weight
ratios at elevated temperatures are used for the primary struc-
ture. The rest of the spacecraft is isolated from the structure by
insulation components and low-conductance suplcorts. In a cooled-
structure system, a high-efficiency insulating material or com-

posite capable of withstanding the surface environment of the
spacecraft is used with a cooled, load-bearing structure of more
conventional design.

The basic components of an entry vehicle structure are illus-
trated in figure 65. An ablation or coating material is normally
used as the exterior component. In the hot-structure system, ex-
ternal insulation is not used; however, the internal insulation must
have a high-temperature capability. In a cooled-structure sys-
tem, the external insulation must have the high-temperature
capability; the internal insulation is either of limited usefulness
or eliminated from the design. The intermediate concept illus-
trated in figure 65 (i.e., a cooled-structure system) uses a load-

bearing structure such as a honeycomb with moderate tempera-
ture capability; part of the insulating value is provided by both
the internal and the external insulation. The typical insulation
and structural materials shown in figure 65 are discussed in the
following text.

_ ABLATION

MATERIAL

RADIATION ANDEROSION SHIELD

EX.It_RNALINSULATION

HOI COOL COOtEO

LOAD- BEARING STRUCTURE

INTERNAL

INSULATION

FIGUm_65.--Basic components of an entz3"vehicle structure.
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External Insulations

Depending upon the temperatures and the structuralrequire-

ments of a particularspacecraftdesign,powders, foams, fibers,

and composites are used as the external insulatingcomponents.

The same components are used as internalinsulationcomponents

for a hot-structuresystem, although in general the temperature

requirementsare not as high.

Powders

Powders are used only to a limited extent for several reasons.
First, a container is required to maintain the integrity of the

powder during reentry. The container must permit evacuation of
the powder, because heat transfer by the gases in the powder
would otherwise increase the thermal conductivity of the powder
to unacceptably high values. Because the container itself is ex-
posed to high temperatures, a protective coating must be used:
this adds weight to the overall insulation system. Finally, the
container may act as a thermal short which conducts heat from
the hot portions of the structure to cooler portions of the insula-

tion. Powders may be used, however, in the low-temperature por-
tions of the thermal protection system, where the container may
be integrated with other portions of the structure. In addition to
the powders discussed in earlier sections of this survey, mixtures
of silica, alumina, and other refractory granular materials, carbon
powder, and metallic partic'es are used as a composite insulating
powder. Reflective materials are often included to attenuate radi-
ation heat transfer. Particle sizes of 1 to 100 microns are often

used. The composition of a particular powder that can withstand
temperatures of up to 2000 ° F (1100 ° C) in an evacuated envi-
ronment is (ref. 81) :

Composition of ADL.--17 Powder

Pezcent

Aluminum flakes .............................. 13.4

Carbon black ................................... 13.3

Alumina ...................................... 40.0

Silicon nitride ................................. 13.3

Fibrous asbestos ............................... 20.0

The thermal conductivity of this powder when evacuated to 0.5

torr (12 lb/ft 3 (0.19 g/vm')) is approximately 0.09 Btu-in./hr-
fff-°F at 800 ° F (0.13 mW/cm-°C at 427 ° C). Santocell pow-
der, a colloidal silica powder of about 5 lb/ft _ (0.08 g/cm*)
density of this type of composite is about 10 to 35 lb/ft _ (0.16 to
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124 THERMAL INSULATION SYSTEMS

to 1300 ° F (700 ° C). Powders are also included in composites
with fibers. A typical example is Min-K insulation. Organic res-
ins are used on this material to bind the powder and fibers to-
gether and to lend strength and rigidity to the insulation. Many
types of Min-K insulation are commercially available with tem-
perature ratings from 500 ° to 2000 ° F (260 ° to 1100 ° C). The
density of this type of composite is about 10 to 35 lb/ft _ (0.16 to

0.56 g/cm3), depending upon the particular type and tempera-
ture range. The higher density is a disadvantage; however, this
is sometimes offset by the low thermal conductivity and ease of
integration of the composite material into the thermal protec-
tion system.

Fibrous Insulations

Fibrous insulations are used as both internal and external

insulations in many applications. Important advantages of the

fibrous materials are low thermal conductivity coupled with a
relatively low density, the structural integrity of fibrous batting
and layers of fibers, the ease of integration into a thermal pro-
tection system, and the flexibility of the material to conform
to shapes and contours of the structural components.

Many fibrous insulations are commercially available and have
been used in the space programs. Table 8 lists several of the more
common types of materials, their manufacturers, and their nomi-
nal maximum use temperature (ref. 82). Most of these materials

are available in loose fiber, batting, blanket, cloth, rope, or other
forms normally associated with fibrous materials. The chemical
and physical stabilities of the_e materials limit their operating
temperatures and durations. Thermal conductivity values for
some of these materials are shown in figure 66.

Although commercial organizations developed many of these
materials for furnace insulations, ovens, and high-temperature
processing, many techniques and methods of production, fabrica-
tion, and assembly have been developed to meet space program
requirements. For example, a vertical arc-fiberizing apparatus

was developed with a capability of fiberizing refractory glasses
having a wide range of composition and properties. Materials
with melting points up to 3250 ° F {1790 ° C) can be used in the
fiber-forming process (ref. 83). The preparation of raw fibers
into finished form as batting or blankets has been investigated
and methods for carding the fibers have been evolved. Organic
lubricants were developed to assist in the carding process. The
refractory fibers and fabrics developed in these insulation pro-
grams have found widespread use in composites, as matrices for
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ablative materials, and where localized insulations are required

to protect spacecraft from high heat-flux conditions.
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Foams

Porous ceramic foams have been developed to provide insulat-
ing effectiveness at high temperatures while retaining the
strength of the ceramic material. Several types of porous foams

are now commercially available, primarily as a result of the re-
quirements for spacecraft applications. The ceramic foams have

tensile strengths ranging from 200 to 900 lb/in? (140 to 630
kg/cm') and densities ranging from 18 to 50 lb/ft' (0.29 to 0.8
g/cmS). Typical properties of several ceramic foams are given in
table 9. (The development of zirconia foams is summarized in

ref. 80.) The foam materials provide the high strength required
in many applications; however, the high density and the rela-
tively high thermal conductivity of these materials make their
use impractical except in special applications.

Zircon foams that can be cast and cured in place have also
been developed (ref. 84). By the use of fiber reinforcements, a
composite zircon foam which could be cast and later cured at

temperatures below 250 ° F (120 ° C) has been developed. This
foam has excellent insulative structural properties and is suit-
able for use in insulating rigid heat shields. The thermal conduc-

tivities of typical castable zircon foams are shown in figure 67.
Many rigid insulation materials are evaluated by exposing one

surface of the system to high heat flux and measuring the tran-
sient temperature response of the backface of the insulation (ref.

TABLE 9.--Properties of Ceramic Foams

Temperature limit:
o F ...........................

° C ...........................

Porosity, percent ....................
Density:

lb/ft_ ..........................

g/cm 3..........................

Thermal conductivity:
Btu-in./hr-ft e-° F. at 600 ° F ......

mW/cm -° C. at 316 ° C ...........

Compression strength:

psi ...........................

kg/cm _.......................

Silicon
carbide

35OO
1930

90

20

0.32

Alumina

330O
1820

88

32

0.51

Zirconia

4000
'2200

86

46

0.74

Silica

30OO

1650

84

20

0.32

5.7

8.2

200

14

4.2

6.0

0.95

1.4
1.1
1.6

930 240 770

63 16 52
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FIGURE 67.--Thermal conductivity of zircon foams.

85). The high heat flux is applied by radiation heating or hot-
gas facilities. From analysis of the time-temperature response
of the backface, the important thermal characteristics of the in-
sulating material can be ascertained. Typical time-temperature
response of the backface of a zircon foam is shown in figure 68.
For these tests the foams were applied to a stainless-steel honey-
comb panel. T, and Tb in figure 68 refer to the temperature at
the honeycomb-foam interface and at the backface temperature
of the foam. A heat flux of 40 Btu/sec-fV (45 W/cm') was
applied.

°F o

q = 40 Btu/sec-ft 2 (45 wa--w--_tt ) i C

cm" 1 500

1000 /ircon Foam Z-79 i

_ _ -rI _ 400
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_ 3oo
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80 27
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FIGURE 68.--Effect of foam thickness on insulative

characteristics of rigid heat shields.
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In addition to the pure ceramic foams and the composite fiber
ceramic foams, impregnated porous ceramics also may be used as
insulating materials (ref. 86). These foams consist of a refrac-
tory porous foam the pores of which are filled with a solid sub-
stance which sublimes or decomposes at elevated temperatures.
During exposure to reentry heating, this type of material func-
tions primarily as a radiation shield; the filler also absorbs heat
during its decomposition. The material is very similar to ablative
substances used in reentry heat shields; however, because of the
stable ceramic, no changes in the shape of the surface occur.
Phenolics, and thermoplastics such as nylon, polyethylene, and
polypropylene, have been used as the impregnating material.
More suitable products are obtained with phenolics. Test results

on several types of foams indicate that alumina and silicon car-
bide foam retain greater structural integrity than zirconia foam
after exposure to high-temperature conditions.

High-Temperature Multilayer Insulations

The effectiveness of multilayer insulation materials was dis-
cussed in chapter 4. The same techniques can also be used at

high temperatures, provided that the materials selected retain
their physical properties. The use of polyester and aluminum com-
bined as a radiation shield material is limited to temperatures

of several hundred degrees Fahrenheit; however, glass fibers as
the spacer materials considerably increase the temperature limit
of the insulation.

The principal limitations of high-temperature multilayer insu-
lations are the degradation of the insulating spacer component
at high temperatures by melting or reaction with the metal foils,
the degradation of the shie!d material by cracking, grain growth
and embrittlement, flaking, decrease in reflectivity, or reaction

with the spacer material. Oxidation of both the spacer material
and the radiation shields is also important. In many applications
of high-temperature multilayer insulation, the outer shield or
structure is coated with an oxidation-resistant coating. If this
shield is impervious, the remainder of the insulation does not

degrade rapidly, and may be useful for an extended period of
time. If the insulation is to be completely vented to the ambient
atmospheric conditions, inert metal shields such as platinum
must be used.

The principal advantage of multilayer insulations for high-
temperature use is that very low thermal conductivities are ob-

tained. For example, 18-1b/ft ' aluminum-fiber-glass insulation,
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when evacuated to 10-_ torr, has a thermal conductivity of ap-
proximately 0.025 Btu-in./hr-ft'°F (0.036 mW/cm-°C) at
1400 ° F (760 ° C) (ref. 82).

Additional materials that have been used for high-temperature
multilayer insulations and typical properties are shown in table
10 (ref. 87). Insulation performance is improved by high reflec-
tivity of the shields, low thermal condu.ctivity of the spacer ma-
terials, and high absorption and scattering coefficients of the spacer

materials. The principal mechanism of heat transfer in high-tern-
perature multilayer insulations is thermal radiation; therefore,
any means of reducing the radiation heat transfer (such as add-
ing opacifiers to the spacer materials) is beneficial. The effective
thermal conductivity of several types of multilayer materials is
shown in figure 69. A major factor in the choice of metal or
metallized organic film shields is the conductive anisotropy of
the multilayer insulation. This must be evaluated for each spe-
cific application. Because of the high thermal conductance of the

Hot-Boundary Temperature, °R
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FIGURE 69.--Effectivethermal conductivitiesof several

combinations of shield and spacer materials.
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metal shields, edge losses and effects of penetration, similar to
those in cryogenic multilayer insulations, are significant.

Because aluminum and stainless steel have a limited tempera-

ture capability, the use of refractory metal shields and spacers
will extend the useful temperature range of high-temperature
multilayer insulations. In a typical application of refractory
metal insulation, thin sheets of tantalum or tungsten are sepa-
rated with a loosely packed fibrous mat of tungsten fibers (ref.
88). The insulating spacer can also be made of metal fiber felt,
fine woven refractory metal wire mesh, corrugated or crinkled
foil, or other suitable configuration of the refractory metal. Elim-
ination of the ceramic or glass spacer material reduces chemical
contamination of the radiation shields and the resultant degrada-

tion of the reflectivity of the shields. Typical thermal conductivity
for a tantalum foil with tungsten fiber spacer is shown in figure
70. Although the thermal conductivity values are significantly
higher than those for aluminum or stainless-steel-and-glass com-
binations, the refractory metal has a much greater temperature
capability. With tungsten foil and fiber, this type of insulation

would be useful up to 5500 ° F (3040 ° C).

Internal Insulations

Depending upon the temperature and structural requirements
of a system, powders, fibers, foams, or multilayers may be used
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as internal insulation components. The general principles of ap-
plication are the same; the lowest weight insulation consistent

with the strength requirements and temperature capability of
the insulation materials is used.

Structural Components

In cooled-structure thermal protection systems, conventional
design techniques have been applied. In many cases the only modi-
fications have been the inclusion of coolant passages within the
structure.

Hot-structure systems, however, have required the development

of new materials and techniques which permit the use of light-
weight structures at elevated temperatures. A typical illustra-
tion is the development of metal composite structures.

Initial efforts were made to determine the applicability of ex-
isting materials as structural components with insulating value
(ref. 89). Typical starting materials were graphite and stainless
steel. Composite heat shields of graphite panels with either 12
lb/ft _ (0.19 g/cm _) fibrous insulation, radiation shields of

1-mil (25.4 microns) gold sheet, or a composite of gold sheet
and two layers of fiber glass were used in initial studies. Typical
arrangements of the heat-shield assembly are shown in figure 71.
Because of the high weight of the graphite structure and the
composites using graphite, and because of oxidation of the graph-
ite, a metallic structure (fig. 72) was also developed and tested.

Sulk insulatio_---_ [

(a)

Radiation shields--- 7 j

• .... , , • • ,,, ,',\\\
/

(b)

Composite blanket ----7 t

(c}

Fmua_ 71.--Graphite heat shields. (a) Heat shield with bulk

insulation; (b) heat shield with internal radiation shields; (e)

heat shield with composite blanket.
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(a)

spool.o-[ 1 po,,

P °sts/ _ _ - . _'-_------T"

I e e_1 Lo,,

(b)

FIGURE 72.mSchematic sketch of the multipost heat shield. (a) Perspective

sketch; (b) cross section. (Dimensions in inches.)

.~

In this type of structure, a multipost insulating structure is used.

The stainless-steel panels are 8 and 11 mils thick (0.20 and 0.28
mm); one portion is connected with a corrugation of stainless
steel, the other by stainless-steel pins. This type of structure was
the forerunner of high-temperature honeycomb or metal com-
posite structure. Another composite structure considered was a
stainless-steel-tile assembly (fig. 73). Ceramic fiber insulation pads

[-'- /__,015 x2 xl '0

_--_Rivets - LO[ _

_C_:::,i::i_::ads ]020-_::'iiless'_/2.: ' BIse pIe'.

support strips

FIGURE 73.mCross section of stainless-steel-tile heat shield.

(Dimensions in inches.)
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HIGH-TEMPERATURE THERMAL PROTECTION SYSTEMS 135

are used to prevent heat flow through the insulation. The tiles
are 2 by 2 inches and 15 and 50 mils (0.38 and 1.27 ram) thick.

The most common method of evaluating the metal structure is
to expose one face of the material to a predetermined heat flux

and measure the temperature rise of the back.face (the same pro-
cedure used for foam ins.ulations and composites). Combined with
the heat-fux measurement, acoustic loads are applied to simulate
the mechanical environment during flight conditions. To test the

performance of the various types of composites, radiation and
hot-gas facilities have been developed to simulate the conditions
during reentry.

The stainless-steel, pin-type structure proved to be superior to
the tile and the graphite structure, and could withstand tempera-
tures of up to 2000 ° F (1100 ° C). The principal problems were
in fastening the metal components to each other.

To improve the performance of this type of structure, a cor-

rugated structure of Inconel-X and insulating spacers was devel-
oped (ref. 90). Inconel-X has a higher temperature capability than
stainless steel. Fiberfrax, Thermoflex, and Min-K insulation ma-

terials are used in various parts of the structure to provide insu-
lation between metal components. A typical configuration is
shown in figure 74. Experimental tests with this type of material
indicated that the thin metal shields would perform adequately
if the corrugation size and depth were designed to take into ac-
count the thermal expansion characteristics of the structure. This

type of structure had a temperature capability in excess of
2000 ° F (1100 ° C).

The next generation of metal-shield panels used refractory
metals coated with an oxidation-resistant silicide base coating
(ref. 91). The use of refractory metals extends the useful temper-
ature range of the material: oxidation-resistant coatings are nec-
essary both for the ultimate application in spacecraft and for
testing the materials in hot-gas facilities.

A typical example of the heat-shield panel is shown in figure
75. The corrugated plate is the coated molybdenum alloy. Quartz-
fiber insulation is used between the outer portion of the struc-
ture and the primary panel structure. Riveting and spotwelding
techniques were developed for joining the metal components.
The corrugations in the metal shield prevented warping and dis-
tortion due to thermal expansion or heating. Experimental tests
with this type of panel indicate that the molybdenum-coated
structure is suitable at temperatures up to 2400 ° F (1300 ° C).
The weight of this type of structure is approximately 1 lb/ft'
(5 kg/m'), which is not excessive compared to other structural
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Support Spacing

- - Fosool

Support Spacing

/ ' .

Flexible Support ",

{::enter Support Fiberfrox or btin--K

FIGURE 74.--Details of heat-shield design.

approaches. The corrugated paneling withstands free-stream dy-

namic pressures of 1500 lb/ft' (7300 kg/m'). The coated com-

ponents have to be carefully handled to prevent premature degra-

dation of the coating, diffusion of the coating into the metal and

resulting degradation, and difficulties in metal joints.
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FIGURE75.--High-temperature heat-shield panels.
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HIGH-TEMPERATURE THERMAL PROTECTION SYSTEMS 137

The successful use of honeycomb panels in cryogenic insula-
tion systems led to the development of honeycomb materials for
high temperatures. Typical honeycomb materials used are stain-

less steel, Inconel, and cobalt-base alloys (refs. 92, 93). Consider-
able research has been devoted to development of methods for
predicting the heat transfer in the high-temperature honeycomb.
The mechanisms of heat transfer are similar to those in any
other insulation material--gas conduction, conduction through
the solid phase of the honeycomb, and thermal radiation. At low
temperature with the metal honeycombs, conduction through the

solid is the most important mechanism. Therefore, the means for
connecting and bonding the honeycomb to the boundary plates
is a controlling factor in establishing the thermal conductivity.
A typical metal honeycomb is shown in figure 76. Different means
for brazing and bonding the panels are illustrated. At high tem-
peratures, radiation becomes the dominant heat-transfer mech-

anism, and the emittance of the honeycomb material and geomet-

Brazed

Core

Tack-Welded

Core

Bonded

Panel

Brazed

Panel

FIGURE 76.--Brazing and bonding of honeycomb panels.
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138 THERMAL INSULATION SYSTEMS

rical factors in the design of the structure become the controlling
parameters. Metal honeycomb panels are capable of providing
high strength with low weight at temperatures up to 1500 ° F
(800 ° C).

THERMAL PROTECTION SYSTEMSFOR THRUST CHAMBERS AND
OTHER SPACECRAFTCOMPONENTS

In spacecraft engines the energy generated by the propellants
must be contained and the surrounding structure must be pro-
tected. The most common solution is to cool appropriate portions
of the thrust chamber. Regenerative cooling, radiative cooling,
ablative cooling, film cooling, transpiration, and heat sinks are

also used in many systems (ref. 94). Most of these methods are
beyond the scope of our definition of "thermal protective system."
However, several developments in the use of passive insulation

materials for retaining the strength and integrity of the thrust
chambers are of interest.

Passive insulation is usually a byproduct of an ablation system
used in rocket nozzles. Many ablatives (such as composites of
phenolic silica) and composites (such as plastics reinforced with

asbestos, zirconia, and graphite) form an insulating layer after
ablation. The insulating value of the charred ablator is good
compared to that of many other materials which are capable of
withstanding the high temperatures that can be obtained with

chars. Other materials used include pyrolytic graphite, placed
upon a graphite substrate, and appropriately coated refractory
metals. Although the latter materials are not insulators in the

normal sense, they form an important part of the thermal pro-
tection system by blocking the flow of heat and also by reradiat-
ing a considerable fraction of the heat from the exhaust gases.
Refrasil-phenolic ablative plastics have been shown to be suit-

able for small bipropellant engines, provided that the plastic

behaves as a charring ablator. The brittle nature of the pyrolytic
graphite and refractory metals is a problem to the designer of
nozzle protection systems (ref. 95).

A more important application of passive thermal protection sys-
tems is the protection of various parts of the spacecraft from
the hot-gas exhaust of the propulsion system. For example, dur-

ing portions of the flight of the Saturn booster, the exhaust gases
may recirculate and produce temperatures of up to 2500 ° F

(1400 ° C) around many components of the engine, even though
they are quite distant from the exhaust nozzle exit plane (ref.
96). Insulation of the components is therefore required. Several
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HIGH-TEMPERATURE THERMAL PROTECTION SYSTEMS 139

types of insulating materials may be used. Thermal insulation
coatings, such as M-31, have been developed specifically for this
purpose. M-31 is a mixture of potassium titanate (Tipersul),
cut asbestos, and colloidal silica. The development and proper-

ties of this castable coating have been described in previous sur-
veys (ref. 80) and the technical journals (ref. 97).

Another material developed to protect structural areas around
engines, as well as structures which receive low-flux zones where

reentry heating occurs, is Thermo-Lag, a paintlike moldable ma-
terial which sublimes at about 530 ° F (280 ° C), forming a stable
layer which acts both as a reradiator and a thermal insulator

(ref. 98). Although Thermo-Lag is an ablator, its low sublima-
tion temperature provides better "low-temperature protection"

than a nylon phenolic ablator. Other materials which may be
successfully used to protect engine components from gas-phase
heating are: filled, castable ceramics; metal-foil silica fiber bat-

tings; and asbestos-Inconel wire mesh composites. These mate-
rials are all suitable for maintaining low structural-surface tem-

peratures when significant heat flux is applied to the exterior
surface of the insulation.

Flexible curtains have also been developed and tested to pro-
vide thermal protection for firewalls (ref. 99). The curtains are

designed to withstand a radiant flux of 40 Btu/sec-ft $ (45
W/cm') for 155 seconds and a pressure differential of 1.5 psi.
A typical construction for such curtains is a seven-ply arrange-
ment consisting of one ply of Nomex cloth, four plies of FAB
BAT-B 1575, one ply of silica cloth, and one layer of fiber-glass
cloth. Microquartz batting is also used .in these curtains. This

type of heat shield can be made impermeable.
Similar curtains have been prepared using aluminum foil, fi-

brous silica, silicone elastomers, and fiber glass (ref. 100). The
laminate is capable of shielding against heat fluxes of 40 Btu/

sec-fV (45 W/cm 2) for periods of up to 2 minutes. Figure 77

Fibrous Silica {0 025 Inch) Adhesive-ba.cked Aluminum Foil

/ [0007 Inch)

Fib,-Glos, Falorlc. _///////_ Si.I;one E|aslomerInch)

"_\\ \ \ \ \ \ \ \\\\\\\\\\\\Nl

CURTAIN CROSS-SECTION

FIGURE 77.--Structure of flexible curtain.
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shows the structure of the curtain (ref. 101). This type of cur-

tain is strong, flexible, and lightweight, and is only _bout 0.25
inch thick.

PRACTICAL APPLICATIONS FOR HIGH-TEMPERATURE INSULATIONS

Foams

The use of foam and impregnated foams (ch. 6, p. 127) in in-

dustry is limited at present by the high cost of the material as

compared to more conventional firebrick. However, where material

of lower density than firebrick is required, foamed ceramics have

applications.

Multilayer Insulations

Typical practical applications of the high-temperature multi-

layer insulations (ch. 6, p. 129) are in vacuum furnaces, induction

furnaces, heating ducts, and hot-gas facilities. Where oxidizing

gases are present, coatings are required on the refractory metals.

Where high-temperature coatings are too costly, thin films of

platinum radiation shields, spaced by a high-temperature re-

fractory fiber such as zirconia or alumina whiskers, may be use-
ful. Platinum foil is available in thicknesses as thin as 0.1 rail

(2.5 microns), and is sufficiently inert to be used in either a re-

ducing or oxidizing atmosphere at temperatures up to 3000 ° F

(1650 ° C).

Honeycomb Materials

The commercial application of honeycomb materials (p. 133)

at normal temperatures is sufficiently large that lightweight hon-

eycomb materials with a high-temperature capability are expected

to become increasingly important in the metals industry and

other processes where high temperatures are encountered. The

relatively high cost of the honeycomb is a drawback; for many

commercial applications weight is a seconda/'y consideration.

Flexible Curtains

Heat-resistant curtains (p. 138) have several practical applica-

tions. They can be used in any system where it is desired to

reduce the flow of heat by convection or radiation, as in the lab-

oratory or in industries where hot gas exhaust creates safety

problems. They may be used as a substitute for asbestos-lined

curtains already available. In some applications the advantage

of lighter weight and better insulation value may be significant.

q,",- - v_

I_7 it:_ t ' t
• t



HIGH-TEMPERATURE THERMAL PROTECTION SYSTEMS __41

Castable Materials

Insulations of a castable nature have been developed to protect
both engine and ground components from hot exhaust gases. A
typical refractory insulation which will adhere to smooth sur-

faces is composed of titanium dioxide, asbestos, calcium alumi-

nate, latex, silica sol, and a copolymer of maleic anhydride and
methyl vinyl ether. Application of this material requires clean-
ing and pretreatment of the metal surface with the last three

materials, followed by application of the remainder of the com-

posite. This material is trowelable and useful for insulating boil-
ers, furnaces, and ovens• Because of its adhesive properties it
may be superior to other available castable insulations (ref. 99).

v-

v





h fit _ t_ _ _ A la la

References

1. WHITLOW, J. ]3., JR.; EISE_SE_G, J. D.; AND SHOOLIN, M. D.: Potential
of Liquid-Methane Fuel for Mach 3 Commercial Supersonic Trans-
port. NASA TN D-3471, 1966.

2. BLACK, I. A.: Application of Thermal Insulation to Electronic Compo-
nents. Proceedings of the Technical Program, National Electronic
Packaging and Production Conference, Long Beach, Calif., K.iver
Publications, 1965.

3. U.S. Patent 3,152,033, issued Oct. 6, 1964.

4. BLACK, I. A.; AND GLASER, P. E.: The Performance of a Double-

Guarded Cold-Plate Thermal Conductivity Apparatus. Advances in
Cryogenic Engineering. Vol. 9. Plenum Press, 1964, pp. 52-63.

5. U.S. Patent 3,274,788, issued Sept. 27, 1966.

6. Advances in Cryogenic Engineering, Vols. 5-11, Plenum Press, an-
nually, 1960-1966.

7. HINCKLEY, R. B. : Liquid Propellant Losses During Space Flight. Final
Report, NASA Contract NAS 5-664, Arthur D. Little, Inc., Oct. 1962.

8. Design Aspects of Plant for Production of Heavy Water by Distillation
of Hydrogen. Final Report, AEC Contract AT(30-1)-1742, U.S.
Atomic Energy Commission, NYO 2134, New York University, Dec.
11, 1957.

9. KROPSCHOT, R. H. ; SCHRODT, J. E. ; FULK, M. M. ; AND HUNTER, D. J.:

Multiple Layer Insulation. Advances in Cryogenic Engineering. Vol.
5. Plenum Press, 1960, pp. 189-197.

10. Standard Method for Thermal Conductivity of Materials by Means of
the Guarded Hot Plate. C177-45, pt. 5, ASTM Standards 1961, p. 953.

11. HASKINS, J. F.; AND HERTZ, J. : Thermal Conductivity of Plastic Foams

from --423" to 75 ° F. Advances in Cryogenic Engineering. Vol. 7.
Plenum Press, 1962, pp. 353-359.

12. BLACK, I. A.; FOWLE, A. A.; AND GLASER, P. E.: Single Plate Appa-
ratus for Tests of Low-Temperature Thermal Conductivity. Proceed-

ings of Xth International Congress on Refrigeration, International
Institute of Refrigeration, Paris, 1959.

13. WILKES, G. B.: Heat Insulation. John Wiley & Sons, Inc., 1950, p. 55.
14. BLACK, I. A.; AND GLASER, P. E.: The Performance of a Double-

Guarded Cold Plate Thermal Conductivity Apparatus. Advances in

Cryogenic Engineering. Vol. 9. Plenum Press, 1964, p. 52.
15. CHRISTIANSEN, U.; HOLLINGSWORTH, M., JR.; AND MARCH, H. N., JR.:

Low Temperature Insulating Systems. Advances in Cryogenic E_gi-
neering. Vol. 5. Plenum Press, 1960, pp. 171-178.

16. BLACK, I. A.; AND WECHSLER, Ao E.: Design, Development and Fabri-

cation of Thermal Measuring Systems. Final Report, NASA Contract
NAS 8-11708, Arthur D. Little, Inc., June 1964-Mar. 1965.

143

V*
r"



144 THERMAL INSULATION SYSTEMS

17. GIBBON, N. C.; MATSCH, L. C.; AND WANG, D. I-J.: A Non-Steady-

State Thermal Conductivity Tester for Cryogenic Insulations.

Thermal Conductivity Measurements of Insulating Materials at

Cryogenic Temperatures, STP--411, American Society for Testing

Materials, Feb. 15, 1966.

18. Thermal Protection System for a Cryogenic Spacecraft Propulsion

Module. Final Report, Vol. II, NASA CR-54879, 1966.

19. PAYNE, ROBERT G.; AND JONES, IRA P.: Summary of Saturn I Base

Thermal Environment. AIAA/NASA Flight Testing Conference,
Huntsville, Ala., Feb. 15-17, 1965.

20. SMOLAK, G. R.; KNOLL, R. H.; AND WALLNER, L. E.: Analysis of
Thermal-Protection Systems for Space-Vehicle Cryogenic Propellant

Tanks. NASA TR R-130, 1962.

21. ADELBERG, M.: Storage of Cryogenic Fluids in Space. Applied Cryogenic

Engineering. John Wiley & Sons, Inc., 1962.

22. HANNAH, R. G.; ANY BUSH, O. J.: Design Techniques for Structure-
Cryogenic Insulation Integration. NASA CR-61038, 1965.

23. KERLXN, E. E.; ANY SMITH, E. T.: Investigation of Combined Effects

of Radiation and Vacuum on Engineering Materials. Second Quar-

terly Progress Report, FZK-147, Nuclear Aerospace Research

Facility, General Dynamics, Feb.-May 1962, NASA Contract NAS

8-2450, June 4, 1962.

24. SWaLLEY, F. E.; AND NgVINS, C. D.: Practical Problems in Design of

High-Performance and Multilayer Insulation System for Cryogenic

Stages. Advances in Cryogenic Engineering. Vol. 10. Plenum Press,
1965, pp. 208-215.

25. PERKINS, P. J., JR.: Experimental Study Under Ground-Hold Conditions

of Several Insulation Systems for Liquid-Hydrogen Fuel Tanks of
Launch Vehicles. NASA TN D-2679, 1965.

26. GRAY, V. H.; GELDER, T. F.; COCHRAN, R. P.; AND GOODYKOONTZ, J. H.:
Bonded and Sealed External Insulations for Liquid-Hydrogen-Fueled

Rocket Tanks During Atmospheric Flight. NASA TN D--476, 1960.

27. Lewis Research Center Staff: Sealed-Foam, Constrictive*Wrapped, Ex-

ternal Insulation System for Liquid-Hydrogen Tanks of Boost Ve-
hicles. NASA TN D-2685, 1965.

28. FRISCHMUTH, R. W., JR.; AND HACKER, P. T.: Investigation of Bonded
Plastic Tape for Linking Filament-Wound Fiber-glass Cryogenic
Propellant Tanks. NASA TN D-3206, 1966.

29. FmSCHMUTH, R. W., JR.: Investigation of Thin Films as Floating

Liners for Fiber-glass Cryogenic Propellant Tanks. NASA TN

D-3205, 1966.

30. Basic Investigations of Multi-Layer Insulation Systems. Final Report,

NASA CR-54191, 1964.

31. McG_w, J. L.: A Comparative Study of Airborne Liquid-Hydrogen

Tank Insulation. Advances in Cryogenic Engineering. Vol. 8. Plenum
Press, 1963, p. 387.

32. U.S. Patent 3,007,596, issued Nov. 7, 1961.

33. U.S. Patent 3,018,016, issued Jan. 23, 1962.

34. HINCKLEY, R. B.: Advanced Studies on Multilayer Systems. Final Re-

port, NASA CR-54929, 1966.
35. MATSCH, L. C.: Advances in Multilayer Insulations. Advances in Cryo-

genic Engineering. Vol. 7. Plenum Press, 1962, pp. 413-418.

h_-¢_ _ _ig_-jl aa aa

-\

\

r

t-

(-



REFERENCES 145

36. HNILICKA, M. P.: Engineering Aspects of Heat Transfer in Multi-

layer Reflective Insulation and Performance or NRC Insulation.
Advances in Cryogenic Engineering. Vol. 5. Plenum Press, 1960,

p. 199.
37. REIDE, P. M.; AND WANG, D. I-J.: Characteristics and Applications of

Some Superinsulations. Advances in Cryogenic Engineering. Vol. 5.
Plenum Press, 1960, p. 199.

38. STOY, S. T.: Cryogenic Insulation Development. Advances in Cryogenic
Engineering. Vol. 5. Plenum Press, 1960, p. 209.

39. Liquid Propellant Losses During Space Flight. Final Report, NASA

Contract NASw-615, Arthur D. Little, Inc., Oct. 1963.
40. VERSCHOOR, J. R.; AND GREEBLER, P.: Heat Transfer by Gas Conduc-

tion and Radiation in Fibrous Materials. ASME Transactions, vol. 74,
Aug. 1952, pp. 961-967.

41. EMSLIE, A. G.: Gas Conduction Problems with Multilayer Radiation

Shields. Report 63270-04-01, Arthur D. Little, Inc., Apr. 1961.
(Available from DDC as AD-256894.)

42. Storage, Transfer and Servicing Equipment for Liquid Hydrogen.
WADC Tech. Rept. 59-386, July 1959.

43. HEIDELBERG, L. J. : Evaluation of a Subscale Internally Insulated Fiber-
glass Propellant Tank for Liquid Hydrogen. NASA TN D-3068,
1965.

44. KEY, C. F.; AND GAYLE, J. B.: Preliminary Investigation of Fire and
Explosion Hazards Associated With S-II Insulation. NASA TM
X-53144, 1964.

45. Saturn S-II Materials and Processes Development During the First
Half of 1964. Contract NAS 7-200, SID-63-600-2, North American
Aviation, Inc., July 30, 1964.

46. ISLAMOFF, I.: Cryogenic Insulation Development in Connection With
Saturn I and V Vehicles. Marshall Space Flight Center, 1965.

47. Development of Low-Density Rigid, Polyurethane Foam for Use on
S-1C Flight Vehicle. Final Report, NASA CR-62110, 1964.

48. MILLER, R. N.; BAILEY, C. D.; BEALL, R. T.; AND FREEMAN, S. M.:
Foams and Plastic Films for Insulation Systems. Advances in Cryo-
genic Engineering. Vol. 8. Paper G-6. Plenum Press, 1963.

49. MILLER, R. N.; BAILEY, C. D.; BEALL, R. T.; FREEMAN, S. M.; AND
COXE, E. F.: Properties of Foams, Adhesives and Plastic Films at
Cryogenic Temperatures. Ind. Eng. Chem., vol. 1, no. 4, Dec. 1962.

50. ISENBERG, L.: Thermal Characteristics of Cryogenic Insulation. Sixth
National SAMPE Symposium on Materials for Space Vehicle Use,
Society of Aerospace Materials and Process Engineers, Nov. 1962.

51. KERLIN, E. E.; AND SMITH, E. T.: Investigation of the Combined Effects
of Radiation and Vacuum on Engineering Materials. NASA CR-
51140, 1962.

52. GLASER, P. E.; EVEREST, A. E.; AND WECHSLER, A. E.: Thermal Con-
ductivity of Non-Metallic Materials. Summary Report, NASA Con-
tract NAS 8-1567, Arthur D. Little, Inc., Apr. 1962.

53. Cryogenic Insulation Materials Development. Topical Report, Task 2.1,
NASA Contract NAS 8-9500, Lockheed Missiles & Space Co., Oct.
29, 1964.

54. MIDDLETON, R. L.; STUCKEY, J. M.; SCHELL, J. T.; MULLOY, L. B.; AND
DUMIRE, V. E.: Development of a Lightweight, External Insulation

r

\
\



146 THERMAL INSULATION SYSTEMS

System for the Liquid Hydrogen States of the Saturn V Vehicle.

Advances in Cryogenic Engineering. Vol. 10. Paper E-3. Plenum

Press, 1965.

55. ES6AR, J. B.: Fuel Tanks for Space Craft: The Difficulties. Mech. Eng.,

vol. 85, no. 4, Apr. 1963, p. 44.

56. Sealed Constrictive Wrapped External Insulation System for Liquid

Hydrogen Tanks of Boost Vehicles. NASA TN D-2685, 1965.

57. FUNK, E. D.: Self-Sealing Shields for Micrometeorite Protection.
NASA TM X-53376, 1965.

58. MERRILL, l=[. K.; AND MURPHY, D. W. : External Insulation Techniques

for Liquid-Hydrogen Tanks. Advances in Cryogenic Engineering.

Vol. 8. Plenum Press, 1963, p. 393.

59. ISHAGOFF, I. ; AND CANrY, J. M. : Quilted Insulation. Advances in Cryo-

genic Engineering. Vol. 9. Plenum Press, 1964, pp. 46-51.

60. PARMLEY, R. T.; ELGIN, D. K.; AND COSTON, R. M.: Shingle Multilayer
Insulation for Space Vehicles Using Cryogenic Fluids. Advances in

Cryogenic Engineering. Vol. 11. Plenum Press, 1966, pp. 16-25.

61. MI_r_.SELL, R. P.; AND SCOTT, R. N.: Heat Conduction Through Insula-

tion Supports in Very Low Temperature Equipment. Research Paper

2726, Journal of Research of NBS, vol. 57, no. 6, Dec. 1956, pp. 371-
378.

62. BONNEVILLE, J. M.: Design and Optimization of Space Thermal Protec-
tion of Cryogens--Analytical Techniques and Results. NASA CR-
54190, 1964.

63. BLACK, I. A.; GLASER, P. E.; AND RErD, R. C.: Heat Loss Through
Evacuated Multilayer Insulation Penetrated by a Low Conductivity
Pin. International Institute of Refrigeration, Meeting of Commission
II, Trondheim, June 1966.

64. GLASER, P. E.; STRONG, P. F.; GABRON, F.; AND Sox, C. H.: Study of

Cryogenic Storage on the Moon. NASA Contract NAS 8--113"/7,
Arthur D. Little, Inc., Dec. 1965.

65. PAIVANOS, J. A.; ROBERTS, O. P.; AND WANG, D. I-J.:Multishielding--

An Advanced Superinsulation Technique. Advances in Cryogenic Engi-

neering. Vol. 10. Plenum Press,1965, pp. 197-207.

66. IdNDQUIST, C. R.; AND NIENDORF, L. R.: Experimental Performance of

Model Liquid Hydrogen Space Tankage With a Compressible Super-

insulation.Advances in Cryogenic Engineering. Vol. 8. Plenum Press,

1963, pp. 398-403.

67. NISNDORF, L. R. ; AND NIE, G. E. : Investigation of a Light Weight Self-
Evacuating Prefabricated Multi-Layer Insulation System for Cryo-

genic Space Propulsion Stages. Final Report, NASA CR-72O1Z, 1966.

68. NAST, T. C.: Effective Purging of High-Performance Multilayer Insula-

tion Systems. Advances in Cryogenic Engineering. Vol. 11. Plenum

Press, 1966, p. 49-55.

69. JONES, B. P.: Gas in Multilayer Thermal Insulation. Marshall Space

Flight Center, MTP-RP-62-5, NASA TM-X-50156, June 28, 1962.

70. BAILEY, C. D. ; HOLLAND, W. D.; AND HUI_EBROS, J. : Hydrogen Permea-

tion Measurements on Vapor Barrier Materials for Cryogenic In-

sulations. SAE Paper 746D, Society of Automotive Engineers, Na-

tional Aeronautic and Space Engineering and Manufacturing
Meeting, Los Angeles, Calif., Sept. 23-27, 1963.

a n a la

"\

\

_ r _ r w _-

6

,- v- W

L



REFERENCES 147

71. GLASER, P. E.: Thermal Protection Systems for Liquid Hydrogen

Tanks. NASA CR-62859, Nov. 1962.

72. LXEBERT, C. H.; AND HUBBARD, R. R.: Performance of Solar Reflectors

When Applied to Storage of Cryogenic Propellants in Space. NASA

TN D-2509, 1964.

73. ARVESEN, J. C.; AND HAMAKER, F. U.: Effectiveness of Radiation
Shields for Thermal Control of Vehicles on the Sunlit Side of the

Moon. NASA TN D-2130, 1964.

74. NORTHWAY, G. J.; ARVESES, J. C.; AND HAMAKER, F. U.: Analysis of

Solar Radiation Shields for Temperature Control of Space Vehicles.

NASA TN D-1209, 1962.

75. A Study of Light-Weight Inflatable Shadow Shields for Cryogenic

Space Vehicles. NASA CR-60741, 1965.

76. BRUN, R. J.; LIVINGOOD, J. N. B.; ROSENBERG, E. G.; AND DRIER, D. W.:

Analysis of Liquid-Hydrogen Storage Problems for Unmanned Nu-

clear-Powered Mars Vehicles. NASA TN D-587, 1962.
77. FUNK, E. D.: Self-Sealing Shields for Micrometeorite Protection. Ad-

vances in Cryogenic Engineering. Vol. 11. Plenum Press, 1966, pp.
223-224.

78. FROST, W. M.: The Strength of Ten Structural Adhesives at Tempera-
tures down to --423" F. Advances in Cryogenic Engineering. Vol. 5.
Plenum Press, 1960, pp. 375-384.

79. HEIRTZ, J. : Epoxy-Nylon Adhesives for Low-Temperature Applications.
Advances in Cryogenic Engineering. Vol. 7. Plenum Press, 1962, pp.
336-342.

80. PLUNKETT, J.: NASA Contributions to the Technology of Inorganic
Coatings. Technical Utilization Survey, NASA SP-5014, 1964.

81. WF_CHSLER, A. E.; AND GLASSY, P. E. : Investigation of the Thermal
Properties of High Temperature Insulation Materials. ASD-TDR
63-574, Arthur D. Little, Inc., 1963.

82. RYAN, J. M.: Lightweight Thermal Protection System Development.

Insulation Material Data and Test Apparatus. AFML-TR 65-26,

vol. II, Air Force Materials Lab, Research and Technology Division,
Air Force Systems Command, Wright-Patterson AFB, Ohio, 1965.

83. GATES, L. E.; ANY LENT, W. E.: Development of Refractory Fabrics.
Final Report, NASA CR-51750, 1963.

84. MOUNTVALA, A. J.; NAKAMURA, H. H.; AND RECHTER, H. L.: Develop-
ment of Lightweight Thermal Insulation Materials for Rigid Heat
Shields. Summary Report 1, NASA CR-68709, 1965.

85. ELAM, B. F.: Heat Transfer in Honeycomb Core Sandwich Panels.
ASME Publication 65-HT-13, 1965.

86. CHAPMAN, A. T.: An Experimental Evaluation of Three Types of
Thermal Protection Materials at Moderate Heating Rates and High
Total Heat Loads. NASA TN D-1814, 1963.

87. STRAUSS, E. L.: Structural and Heat Transfer Characteristics of Resin-

Impregnated Porous Ceramics. Ceramic Bull., vol. 42, no. 8, 1963,
p. 447.

88. STE_.ET, E. R. ; _r AL. : Performance of Multilayer Insulation Systems
for the 300" to 800 ° K Temperature Range. AIAA Paper 65-663,

AIAA Thermophysics Specialists Conference, Sept. 13-15, 1965.

89. Refractory Metal Shielding (Insulation) Increases Operating Range of
Induction Furnace. NASA Tech. Brief 65-10188, June 1965.

t gt gqt at

v . v-

T _



148 THERMAL INSULATION SYSTEMS

90. GOODMAN, G. P.; AND BE'rTS, J.: Exploratory Environmental Tests of

Several Heat Shields. NASA TN D-897, 1961.

91. ANDERSON, M. D.; AND STROUD, C. W.: Experimental Observations of

Aerodynamic and Heating Tests on Insulating Heat Shields. NASA

TN D-1237, 1962.

92. WICHOREK, G. R.; AND STEIN, B. A.: Experimental Investigation of
Insulating Refractory-Metal Heat-Shield Panels. NASA TN D-1861,

1964.

93. STROUD, C. W.: Experimental Verification of an Analytical Determina-
tion of Overall Thermal Conductivity of Honeycomb Panels. NASA

TN D-2866, 1965.

94. COULBERT, C. D.: Selecting a Thrust Chamber Cooling Technique for
Spacecraft Rocket Engines. AIAA Paper 63-241, 1963.

95. ROWLgY, R. W.: An Experimental Investigation of Uncooled Thrust

Chamber Materials for Use in Storable Liquid Propellant Engines.

NASA JPL Tech. Rept. 32-561, 1964.

96. PETERS, S. T.: Thermal ]nsulative Elastomers for Clustered Large

Liquid Propellant Engines. Seventh National SAMPE Symposium,

El Segundo, Calif., Society of Aerospace Materials and Process Engi-

neers, May 20, 1964.

97. SmTZtNGER, V. F.: Unfired Ceramic Insulation Protects Saturn From

Heat. Space Astron., vol. 39, no. 9, Sept. 1963, pp. 119-122.

98. A Comparison of Thin Coatings of Phenolic Nylon and Thermo-Lag

T-500 During Exposure to Low Convective Heat Fluxes of Long

Duration. NASA Contract NAS 9-706, Rept. No. 1414, Emerson

Electric Manufacturing Co.

99. FRENCH, R. J.: Development of Materials for Saturn Flexible Heat
Shield Curtains and Tail Section Insulation. Final Rept., NASA CR-

60298, 1964.

10T). Final Report, NASA Contract NAS 8-2531, Arrowhead Products Co.,

Los Alamitos, Calif., Sept. 28, 1962.

101. Flexible Curtain Shields Equipment From Intense Heat Fluxes. NASA
Tech. Brief 65-10044, Mar. 1965.

,_,U.S.GovernmentPrintingOffice:1967-- 0 268-993

Ik d'Z dPk d'Z A

T" . ,_

," ¢


